Experimental and statistical studies of the effects of composition and preliminary heat treatment on final mechanical properties and microstructure of a 3.5 NiCrMoV turbine steel disk / by Forrest, David Richard
Lehigh University
Lehigh Preserve
Theses and Dissertations
1985
Experimental and statistical studies of the effects of
composition and preliminary heat treatment on
final mechanical properties and microstructure of a
3.5 NiCrMoV turbine steel disk /
David Richard Forrest
Lehigh University
Follow this and additional works at: https://preserve.lehigh.edu/etd
Part of the Metallurgy Commons
This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an
authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.
Recommended Citation
Forrest, David Richard, "Experimental and statistical studies of the effects of composition and preliminary heat treatment on final
mechanical properties and microstructure of a 3.5 NiCrMoV turbine steel disk /" (1985). Theses and Dissertations. 4551.
https://preserve.lehigh.edu/etd/4551
Experimental and Statistical Studies of the 
Effects of Composition and Preliminary Heat Treatment 
on Final Mechanical Properties and Microstructure 
of a 3.5NiCrMoV Turbine Disc Steel 
By 
/ 
/ David Richard Forrest 
~ 
I ( 
\ 
\ 
A Thesis 
Presented to the Graduate Committee 
Of Lehigh University 
in Candidacy for the Degree of 
Master of Science 
• 1n 
Metallurgy and Materials Science 
Lehigh University 
1985 
. 
' 
f 
This thesis is accepted and approved in partial 
fulfillment of the requirements for the degree of Master 
of Science. 
/ 
Professor in Charge 
• 
-ii-
ACKNOWLEDGEMENTS 
This manuscript would not have been possible without the 
help of and support from the individuals listed below. 
I extend my thanks to all of these people: 
First, to my loving and patient wife, Cathy, who not 
only tolerated the frustration and confusion, but 
provided some much-needed typing and editing skills 
during the last-minute panic. Rick Bodnar was involved 
from the conception of the experimental work and 
provided his much-valued expertise and encoura~ement, 
not to mention his computer ID, without all of which 
this project would surely have suffered. 
Dr. Alan Pense, my advisor, was very supportive of this 
study and his assistance is much-appreciated. 
The excellent metallography was performed by Vince 
McGraw, Madelaine Rodriguez, and John Gatehouse; 
Madelaine prepared the extraction replicas as well. 
Linford Hahn provided some fine SEM work. Dave Calvert 
skillfully operated the STEM at Lehigh. 
Rick Bodnar, Dick Woodyatt and Bob Henry were very 
helpful in providing me with access to my old computer 
files when some gremlins appropriated my hard copies. 
Craig ~rgo kindly provided some sketches of LP turbines 
for the report. 
The financial assistance provided by Bethlehem Steel 
Corporation is gratefully acknowledged. 
• • • 
-111-
TABLE OF CONTENTS 
. 
TITLE PAGE 
CERTIFICATE OF APPROVAL 
ACKNOWLEDGEMENTS 
TABLE OF CONTENTS 
LIST OF TABLES 
LIST OF FIGURES 
ABSTRACT 
Page 
• 1 
• • 
11 
• • • 
111 
• 
lV 
• • 
Vll 
• 
lX 
1 
INTRODUCTION 4 
Turbine Disc Cracking 6 
Practice Changes and Research to Improve Turbine 7 
Disc Impact Properties 
PART 1. EXPERIMENTAL STUDIES TO DETERMINE THE 
EFFECT OF PRELIMINARY HEAT TREATMENT ON 
MICROSTRUCTURE AND PROPERTIES AFTER FINAL HEAT 
TREATMENT 
9 
A. Review of the Literature on Preliminary Heat 9 
Treatment of NiCrMoV Steel 
B. Experimental Procedure and Results 14 
1. Material 17 
2. Heat Treatment 18 
3. Testing 19 
a. Chemical Analysis 19 
b. Tensile Testing 20 
c. Charpy Impact and Temper Embrittlement 21 
Testing 
• 
-iv-
Page 
d. Dilatometer Testing 25 
e. Optical Microscopic Examination 28 
4. The Effect of Normalizing Temperature on 31 
Fine Microstructure 
a. Electron Microscopic Examination 31 
b. Optical Microscopic Examination 33 
C. Statistical Analysis: Comparison of 
Experimental and Production Data 
D. Discussion of Results 
E. Conclusions 
PART 2. STATISTICAL ANALYSIS AND OPTIMAZATION 
OF PRODUCTION DATA 
A. Statistical Analysis of Production Data 
1. Regression Equation Results 
2. Determining the Effects of Normalizing 
Temperature and Cooling Rate from the 
Temper 
B. Production Trial of Discs with Higher 
Chromium 
C. Optimization of Tempering Parameter and 
Composition for Maximum Impact Energy 
D. Discussion of Results 
E. Conclusions 
AREAS FOR FURTHER STUDY 
REFERENCES 
GLOSSARY 
-v-
} 
34 
40 
48 
51 
51 
52 
54 
57 
59 
62 
64 
66 
113 
121 
APPENDIX A (ENGLISH TO METRIC CONVERSION) 
APPENDIX B (COMPUTER PRINTOUTS) 
APPENDIX C (COMPUTER PRINTOUTS) 
APPENDIX D (COMPUTER PRINTOUTS) 
BIOGRAPHIC SKETCH OF THE AUTHOR 
-vi-
Page 
124 
126 
130 
139 
159 
'. 
' 
LIST OF TABLES 
1. Ccnq:osition Requirenents of AS'IM Specification 
A 471-77, Classes 1-3 
2. Conditioning Heat Treatnents After Forging 
3. Preliminary Heat Treatments 
4. Final Heat Treatrrents 
5. chem.cal Ananlysis of Test Material (wt.%) 
6. Tensile Results 
7. Roan Tem:>erature (+75F) Charpy Impact Results 
8. Unanbrittled Charpy Transition Temperature Results 
Page 
68 
69 
70 
71 
72 
73 
74 
75 
9. Fmbrittling Cycle 76 
10. Fmbrittled Cha.rpy Transition Temperature Results 77 
11. Dilataneter Results 78 
12. Canparison of Critical Temperatures (Effect of 7 9 
Alloying Elene.nts, and PrErlicted vs. 
Actual Values) 
13. Canparison of Measured vs. Predicted. Bainite 80 
Start (Bs) Temperatures 
14. Average Prior Austenite Grain Size (AS'IM Values) 81 
15. Can_E:arison of Experimmtal and Prcxluction 82 
Impact Energies 
16. Canparson of Exper.inental and Production 83 
FATT Values 
17. RegTession Equations Developed fran Turbine 84 
Discs Nonnalized at 1850F 
18. Canp::>sition and Tenpering Parameter L.imits of the 85 
RegTession Equations s:oown in Table 17 
•• 
-v11-
0 
'>\.., 
.. 
LIS'T OF TABI.ES (continued) 
Page 
19. Chemical Analysis, Heat Treatment, and Mechanical 86 
Property Results of Heat Produced to Higher 
Chranium Content 
20. Regression Equations Develo}?Erl for Linear 87 
ProcJranming Optimization 
21. Results of Optimization to Maximize +75F 88 
Impact Energy 
• • • 
-v111-
'ti' 
LIST OF FIGURES 
Page 
1. Schenatic Drawing of 'Westingl10use LP Turbine Rotor 8 9 
2. Nuclear Turbine Design 90 
3. Photograph of Turbine Shaft, Discs and Blades 91 
4. Graphs fran Hanna's Austenite Grain Studies 92 
5. Photograph of Cores Band C Prior to Final 
Heat Treatrnent 
6. Sketch Sl1.aving Sectioning of ExperillEiltal Cores 
for Testing 
7. SEM Photanicr03raphs of Intergranular Charpy 
Fracture 
8 • Ihotanicrograph Sl1.aving Duplex Grain Structure 
9. Photanicrographs of Microstructures after 
Preliminai:y Treatment 
10. Photornicrographs of !-ucrostructures after 
Final Treatrnent 
11. TEM Photanicrograph of "Clean" Grain Boundai:y 
12. TEM Photanicrograph and Spectrum of Iron carbides 
at Grain Boundary 
13. TEM Ihotanicrograph and Spectrum of Vanadium 
carbide at Grain Boundary 
14. TEM Photanicrograph and Spectrum of Vanadium 
carbide at Grain I3oundary 
• 15. TEM Photanicrograph of Matrix Iron carbides 
16. TIM Rlotanicrograph and Spectrum of Matrix 
Vanadium carbide J 
I 
17~ Photanicrographs of as-Nonnalized Structures 
fran 1650F and 1900F Normalized Treatments 
.. 
-ix-
,b 
93 
94 
95 
96 
97 
98 
99 
100 
101 
102 
103 
104 
105 
LIS'T OF FIGURES {continue:1) 
18. The Variation Of Prior Austenite Grain Size 
with Nonnalizing Tenperature 
19. canparison of Strengths of Experimental Cores 
vs. Prcxluction Data 
20. The Effect of QJ.ench Rate on Impact Ehergy of 
3. 5 N iCrMoV Ste.tl 
21. Residual Plots for First Temper Yield and 
Tensile Strengths 
-
22. Residual Plots for Final Tenper Yield and 
Tensile Strengths 
23. Residual Plot for First Temper+75F Impact 
Ehergy 
24. Residual Plot for Final Temper + 75F Impact 
Ehergy 
-x-
Page 
106 
107 
108 
109 
110 
111 
112 
ABSTRACT 
In recent years, stress corrosion cracking of low 
pressure turbine discs in service has become a subject 
of concern in the power generation industry. 
Consequently, the turbine builders have required 
improved toughness of these steam turbine components. 
This thesis explores various methods to improve the 
charpy upper shelf energy of 3.5NiCrMoV low pressure 
turbine discs. 
The effects of various preliminary heat treatments were 
investigated by performing four experimental heat 
treatments on production-sized material: 
(A) 1750F normalize and temper 
( B) 1650F normalize and temper 
( C) 1650F normalize and extended temper 
(D) 1650F normalize and temper plus 
intercritical austenitize and quench 
Then the material was given a final heat treatment. The 
results showed that none of the experiments were 
successful in improving charpy upper shelf energy when 
compared with production material normalized at a higher 
temperature (1850F). Production material normalized at 
1 
1850F had equal or better upper shelf energies than the 
material normalized at lower temperatures. Two possible 
mechanisms for this behavior are proposed: (1) 
solutioning of vanadium carbides is enhanced at the 
higher temperature, enriching the vanadium solutioning 
during final heat treatment, and (2) segregation or 
"banding" is reduced at the higher normalizing 
temperature, refining the alloy carbides after final 
heat treatment. 
The other approach to the problem consisted of a 
regression analysis of data from production turbine 
discs to identify the variables with the greatest 
influence on upper shelf energy. The results showed 
that reducing the levels of carbon, phosphorus, and 
sulfur improved upper energy, and increasing tempering 
parameter and the level of chromium also improved upper 
shelf energy. The effect of chromium was supported by a 
production trial of two turbone discs with higher 
chromium which exhibited moderately higher upper shelf 
• energies. 
Regression equations were also developed for yield and 
tensile strengths. The statistical analysis was 
2 
, 
! 
completed by using linear forms of the regression 
equations in a linear programming optimization. 
Composition and tempering parameter were optimized for 
various levels of yield strength. The optimization 
procedure consistently sought the lowest levels of C, P 
and Sallowed by the program (0.10%, 0.005%, and 0.005%, 
respectively) and the highest level of Cr (2.00%). The 
optimization results showed that substantial 
improvements in upper shelf energy may be possible, but 
these improvements are contingent upon the validity of 
the extrapolations of the regression equations beyond 
the limits of the data. 
\ 
3 
INTRODUCTION 
Description of Turbine Disc Forgings. The studies 
described in this thesis were all part of a general 
b 
attempt to improve the charpy impact properties of 
NiCrMoV turbine disc forgings. Turbine discs are 
doughnut-shaped forgings which are attached to turbine 
shaft forgings in steam turbines for applications in the 
power generation industry. In this particular 
application of turbine discs, they operate at relatively 1 
low pressures and temperatures (100-500F) (1, 2]. 
Schematics of the low pressure (LP) turbine assembly are 
shown in Figures 1 and 2 [3, 4], and a photograph of a 
steam turbine rotor with discs and blades is shown in 
Figure 3 [ s·] • 
The turbine discs are composed of a 3.5NiCrMoV steel 
(ASTM A471) which was specifically developed for low 
temperature steam turbine rotors and other turbine-
1 
Because the domestic steel industry uses the 
Fahrenheit as the primary temperature scale, the 
temperatures in this thesis are given in Fahrenheit. A 
conversion table for selected English units into SI 
units is provided in Appendix A. 
4 
,· 
components in the mid 1960's. The composition range of 
ASTM A471 is shown in Table 1 [6]~ The 3.5NiCrMoV steel 
has an excellent combination of strength, toughness, and 
hardenability, for use in low to medium temperature 
steam turbines. The discs are manufactured in a 
semi-finished form by the steel producer and then 
shipped to a turbine builder (domestically, this would 
be General Electric Company or Westinghouse Electric 
Corporation) for intricate machining and assembly into 
\ 
the turbine. Therefore, the mechanical properties of 
the steel are imparted by the steel producer during the 
manufacturing steps. The primary manufacturing steps 
are as follows: 
\ 
- Electric Furnace Mel~~ng and Refining 
- Casting 
- Open Die Forging 
/---~, ) 
~- "-- t / 
- Conditioning and Pre! iminary Heat ___ Treatments · 
~, 
- Rough Machining 
- Ultrasonic and Dimensional Inspection 
- Final Heat Treatment 
- Mechanical Property Testing 
- Stress Relief Temper 
- Mechanical Property Testing 
5 
- Final Machining 
- Ultrasonic and. Dimensional Inspect ion 
A detailed description of the manufacturing sequence is 
given by Albano [7]. 
Turbine Disc Cracking. In recent years, the turbine 
builders have required better impact properties in 
turbine discs due to the increasing incidence of stress 
corrosion cracking (SCC) of turbine discs while in 
2 
service. This problem has been studied extensively, 
and it appears that there is a complex interaction 
between steam environment, operating stresses, steel 
composition, microstructure, and mechanical properties. 
Improving charpy impact properties may reduce the risk 
of disc cracking as well as improve the overall 
reliability of the discs. 
2 
There are numerous EPRI reports on the subject. See, 
for example, references 1, 2, and 8~ The reader is also 
referred to the recent work relating rnicro·structural 
features and sec in reference 9. 
6 
Practice Changes and Research 
to Improve Turbine Disc Impact Properties. Bethlehem 
Steel Corporation (hereafter referred to as "Bethlehem") 
approached the problem by implementing some immediate 
practice changes to improve the impact properties: 
refine the prior austenite grain size by reducing 
austenitizing and normalizing temperatures, and reduce 
the maximum allowable amounts of phosphorus and sulfur. 
Refining prior austenite grain size is generally 
regarded as one of the best methods to improve impact 
properties since it also increases strength [10]. 
Phosphorus and sulfur are known to degrade impact 
properties in this class of steel [11, 12, 13], however, 
significant reductions from the already low levels 
(typically <0.010%) could not be obtained with the 
existing capabilities of the steelmaking equipment 
without an excessive amount of added cost. 
In addition to the immediate practice changes, Bethlehem 
initiated research efforts to further improve the impact 
properties of the turbine disc forgings. The work was 
directed at studying advanced heat treatment techniques 
to improve impact properties since we were at the 
virtual limit of our abilities (from an economic, not 
7 
( 
technical standpoint) to improve the impact properties 
through higher steel purity. Furthermore, the area of 
heat treatment appeared to be a good place to 
concentrate our efforts, since we saw some potential to 
find improved methods, based on the literature. The 
work described in this thesis is a portion of those 
ef~orts. 
\ 
Another effort was initiated to perform a multiple 
regression analysis on production turbine disc data. 
This anaiysis was used to (a) determine the effects of 
the practice changes, (b) analyze the experimental 
results, and {c) determine the effects of other 
variables on impact properties. 
The contents of this thesis is organized into two parts. 
Part 1 describes the experimental work to determine the 
effects of various preliminary heat treatments on the 
impact properties after final heat treatment, as well as 
statistical comparisons of production and experimental 
data. (Preliminary and final heat treatment, as used in 
the context of this report, are defined in the 
Glossary.) Part 2 concentrates on the statistical 
analysis of production data, including an evaluation of 
8 
• 
~,- .. 
the initial practice changes, an evaluation of a high Cr 
trial which was performed based upon a statistical 
analysis, and an optimization of composition and heat 
treatment. 
PART 1--EXPERIMENTAL STUDIES TO DETERMINE THE EFFECT OF 
PRELIMINARY HEAT TREATMENT ON MICROSTRUCTURE AND 
PROPERTIES AFTER FINAL HEAT TREATMENT 
In this section, the literature relating to preliminary 
heat treatment of NiCrMoV steel is reviewed to show some 
of the reasoning behind the experimental work. The 
experimental procedure and results are described in 
detail, including large-scale experiments on production-
sized material to determine mechanical properties, and 
laboratory experiments on small samples to study 
microstructural effects. The experimental results are 
then compared with production data using statistical 
techniques. 
A. Review of the Literature on Preliminary Heat 
Treatment of NiCrMoV Steel 
The purpose of this experimental program was to develop 
information concerning the effect of various preliminary 
treatments on the mechanical properties and 
9 
microstructure of 3.5NiCrMoV steel dfter final heat 
treatment. The concept of affecting final properties 
through preliminary heat treatment is certainly not a 
new one; normalizing has been used as an effective 
method of providing a uniform grain structure and 
improved chemical homogeneity in forged {and other) 
products for many years. However, there is a need to 
better-quantify the relationships between 
microstructure, mechanical properties and preliminary 
treatment. 
The literature reviewed in this section indicates that 
• 
I • 
there is a microstructural inheritance effect; that 15, 
characteristics of the microstructure after forging are 
not completely eliminated by subsequent heat treatment, 
and, the changes caused by each subsequent heat 
treatment are also carried through to the final 
microstructure. 
Suzuki, et al. [14] reported that tempering prior to 
normalizing refines the austenite grain size of NiCrMoV 
turbine rotors. Specifically, they report that 
tempering to a tempering parameter of about 20 prior to 
normalizing results in the maximum amount of austenite 
10 
• 
grain refinement, where tempering parameter= T(K) x (20 
+ logt(hrs)] x 10-3. 
Additional evidence for this effect is given by 
Chernikhova, et al. (15] where they showed that 
tempering to a tempering parameter of 20.3 prior to 
final heat treatment produced a microstructure of fine 
grains within a coarse-grained matrix in a l.5NiMoV 
steel. They indicated that this treatment weakened the 
str~ctural inheritance effect, although "the fracture 
0 
and the microstructure remain[ed] coarse-grained." 
These authors also reported that a martensitic 
microstructure reverted to the same austenite grain size 
·upon repeated austenitization at temperatures up to 
1650F. However, significant austenite grain refinement 
occurred when an initially pearlitic microstructure was 
repeatedly austenitized. It is possible to achieve a 
predominantly pearlitic microstructure in 3.5NiCrMoV 
steel only after isothermal holding at 1150F for an 
extended period of time, due to its much higher 
hardenability ~han the l.5NiMoV steel which can 
transform to pearlite upon slow cooling. 
Piehl, et al. [16] also allude to the advantages of a 
11 
pearlitic microstructure for grain refinement in NiCrMoV 
steel. They report a time of 500 hours for complete 
transformation to pearlite in a 3.SNiCrMoV steel. 
Webster and Allen (17] studied various compositions of 
NiCrMoV steel and found the same effect: a spheroidized 
prior structure refined the austenite grains, while 
martensitic and bainitic prior structures "reproduced 
the original coarse-grained austenite" upon 
reaustenitization. 
Homma (18] has reported a significant refinement of 
austenite grain size when 3.5NiCrMoV steel is held in 
the intercritical region (about 1290F to 1470F, based on 
his microstructural observations, not dilatometry--see 
Figure 4) and quenched prior to the final austenitize. 
An even greater refinement in grain size was noted when 
the steel was held at 1560F (above the Ac) and quenched 3 
prior to the final austenitize. Wada and Doane [19] 
found that the temper ernbrittlement susceptibility of 
3.5NiCrMoV steel could be significantly reduced by using 
an intercritical austenitize as a final heat treatment, 
but this did not improve the FATT in the unembrittled 
state. 
-,'.,1,,u11i111,1,ir,~1--.~ 
12 
Woodford and Stepien (20] also showed that an 
intercritical heat treatment reduces susceptibility to 
temper ernbrittlernent in 3.5NiCrMoV steel when performed 
either before or after a final low-temperature 
austenitize. However, some or all of their low 
temperature austenitizes, which ranged from 1400 to 
1470F, may have been below the Ac3 of their material, 
based on the critical temperatures implied by Homma 
[18], those reported by Albano [7], and the results 
given in this thesis. Woodford and Stepien [20] also 
reported that the intercritical heat treatment reduced 
the transition temperature over the initial condition; 
but they point out that the initial-condition material 
was slowly cooled from above the Ac 3 and tempered, while 
the intercritically-treated material was oil quenched 
0 
and tempered. Therefore, this comparison is not 
• 
rigorous. 
Leymonie (21] studied the use of an intercritical 
treatment on a 3.5NiCrMoV steel after a conventional 
austenitize. He concluded that, aft~r taking strength 
differAnces into account, the intercritical ·heat 
treatment offered no improvement in impact properties 
over the conventional treatment for the steel purity and 
13 
I 
quenching rates in his experiment. The quenching rates 
and steel purity in his work were very similar to those 
described in this thesis. 
B. Experimental Procedure and Results 
The general outline of this experiment was to heat treat 
four turbine disc cores according to the selected 
treatments to simulate actual production experience. 
These cores were then tested for chemical composition, 
tensile, charpy impact, and charpy transition 
temperature properties, as well as microstructure. 
Dilatometric testing was performed on one of the four 
original cores plus two additional cores to cover a 
wider compositional range. Originally we had intended 
to perform slow strain rate testing as a measure of the 
stress corrosion cracking (SCC) resistance, since the 
ultimate goal was to reduce or eliminate the risk of 
turbine disc cracking failures in service. Since the 
experimental heat treatments did not substantially 
improve the charpy impact energies as we had hoped, the 
experiment was curtailed before the sec tests were 
performed. Therefore this is essentially a study on the 
improvement of impact properites in NiCrMoV turbine disc 
14 
steel. Impact data can be usef·ul measures of Kxc 
fracture toughness [22], but their correlation with 
stress corrosion cracking resistance remains an open 
question. 
The preliminary heat treatment cycles for this 
experiment were derived from the literature cited in the 
previous section. The experimental cycles were as 
follows: 
(A) 1750F normalize and temper+ final treatment 
(B) 1650F normalize and temper+ final treatment 
(C) 1650F normalize and extended temper+ final 
treatment 
(D) 1650F normalize and temper~ intercritical 
austenitize and quench+ final treatment 
Cycle A duplicated the newly-changed standard treatment 
for turbine discs, with a 1750F normalize (new 
temperature) instead of a 1850F normalize {old 
temperature). Cycle A was therefore a control so that 
the other cycles could be compared ¥ith the current 
production heat treatment. Cycle B included a normalize 
at an even lower temperature than A, 1650F, as did 
cycles C and D, for finer prior austenite grains than 
with the 1750F normalize. Thus, cycle B served as a 
15 
control to assess the effect of the extended temper and 
intercritical treatment. 
Cycle C was developed to study the effect. of an extended 
temper prior to the final austenitize, with the 
reasoning that this might increase the effectiveness of 
the carbide particles in promoting the nucleation of 
austenite grains during the austenitizing cycle. Thus, 
the final prior austenite grain size of the material 
would be finer. This reasoning was supported by the 
work of Suzuki, et al. ·-G-1-4] and Chernikhova, et 
al. [15]. 
Cycle D was developed from the work of Woodford and 
Stepien [20]. We chose to work with an intercritical 
austenitize and quench prior to a full austenitize, for 
enhanced prior austenite grain refinement; using an 
intercritical treatment for the final austenitize would 
have produced a mixed (ferrite+ martensite) structure 
with an attendant strength penalty. Prior austenite 
grain size is refined in this treatment by the following 
mechanism: the microstructure becomes only partially 
recrystallized when heated into the intercritical region 
p.~-1-
•' 
and therefore the austeriite and ferrite grains are 
16 
, .... 
smaller than if the material had been completely 
austenitized. This structure is then quenched to form 
martensite and ferrite grains. Upon reaustenitization, 
the now fully recrystallized structure reverts to the 
most recent grain size that it remembers (the 
intercritical structure), and is thereby refined. 
1. Material. The material for this experiment was 
obtained.from excess~material (cores) from six 
production turbine disc forgings, designated A, B, C, D, 
E, and F. All of the processing and experimental work 
was performed at the Bethlehem Steel Corp., Bethlehem 
Plant, Bethlehem, Pa. After the discs were forged into 
a rough shape, their cores were removed by burning. The 
cores were approx·imate-lzy 25" ( 635mm) diameter x 15" 
(381mm) long. A sketch illustrating how the cores were 
removed from the disc forgings is shown in Figure 
5. Heat treatments were performed on these cores, 
rather than on small laboratory-size specimens, so that 
the resulting mechanical properties would be truly 
indicative of the production forging experience because 
of the similar size, and therefore, mass effect. 
Normally, the cores burned from discs are used as scrap 
for electric furnace heats. 
17 
2. Heat Treatment. The cited literature indicates that 
the properties of forgings are influenced by their 
entire hiRtory .of heat treatment operations, rather than 
the most recent or two most recent treatments. A 
detailed treatment history is provided because of the 
importance of this microstructural inheritance effect. 
Table 2 shows the heat treatment for each core after 
forging and burning; this is considered to be a 
conditioning heat treatment. Table 3 shows the 
preliminary heat treatments given to each core. Core A 
received the "current practice'' treatment; cores B, D, E 
and F received the same treatment as A except for a 
lower normalizing temperature; and core C received an 
extended temper after the normalize. The final heat 
treatments are shown in Table 4. Note that cores A, B, 
and C received nearly identical final treatments, while 
core D received an intercritical austenitize and quench 
prior to austenitizing at 1535F. Cores E and F did not 
undergo final heat treatment since they were used only 
for dilatometer testing. 
The preliminary treatments and final austenitizes were 
performed in certified, gas-fired furnaces. Calibrated 
thermocouples were used to maintain the temperatures and 
18 
were positioned in close proximity to the cores. 
Tolerance limits are shown for the final austenitizing 
temperatures. The tempers were performed in a certified 
electric resistance furnace, again with calibrated 
thermocouples in close proximity for temperature 
verification. A photograph of two of the cores prior to 
final heat treatment is shown in Figure 5. 
3. Testing. After heat treatment, the cores were 
sectioned as shown in Figure 4 for removal of the test 
specimens. The details of each test are provided in the 
following sections. 
3a. Chemical Analysis. Cores A, B, C and D were 
specifically chosen for this experiment because of their 
chemical similarity. Table 5 shows that the cores were 
very similar in composition, except for a slightly high 
Mn content in core C. The chemical analyses were 
performed by both the Bethlehem Plant chemical 
laboratory and the Horner Research chemical laboratory 
using the spectrographic methods described by Albano 
[reference 7, p. 10] as well as wet analytical 
techniques. The samples for chemical analysis were 
removed from a location two inches (51mm) from the outer 
19 
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diameter of: :tti-e ,cores, w:·h'ich roughly corresponds tt) t·he 
location .of :t.he mechan ica=l t':ests removed f ram th.e ·cor·e.s-• 
. C·o=rtfS :E .and F w.e:,re' ¢.ho·s~·n: bec:aus_.e: -t::h:ey represented t·he 
ex.t r·e.mEtS of. c.::heroi ca:.1 :com.p·o$:i·t ion ( 'a-1 loy-r i ch and 
a1·1·0,y·-:l·ean:) .o.f _a·:1.·1 tn.e. c_·,o:res :~v·a·1.l·abl·e: 'f·or e,c:per·irner1t·a.l 
u.se dur,fn:g ·the: time c:>.£ tht's .s:t·µdy. -T·.:hese ·were: us·e_.q. only: 
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There is a fairly significant variation in yield and 
tensile strengths from core to core, and even between 
locations 180 degrees apart within some of the cores. 
However, duplicate samples removed from adjacent areas 
within a location had nearly identical yield and tensile 
strengths. This indicates that the non-uniformity was a 
result of a variation in properties between locations 
rather than some intrinsic variability of the material 
or of the test. This variation between locations was 
most probably due to local differences in temperature 
during the tempering operations. Unfortunately, the 
strength differences complicated the analysis of the 
impact data as a function of heat. treatment. 
,.. ', 
3c. Charpy Impact and Temper Embrittlement Testing. The 
charpy tests were removed in the C-R orientation (ASTM 
E399 designation). The two primary charpy properties 
for this product are room temperature impact energy and 
the 50% shear fracture appearance transition temper3ture 
(FATT). We were concerned mainly with improving the 
room temperature impact energy since +75F lies in the 
upper shelf region for this steel, and is therefore a 
reasonable indicator of the charpy toughness at the 
operating temperatures of 100-500F. However, we also 
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determined the FATT before and after an embrittling heat 
treatment cycle in order to determine the effect of each 
heat treatment on temper embrittlernent susceptibility. 
Temper embrittlement is a concern because of at least 
one rotor failure in service attributed to this 
phenomenon (23]. Type A charpy specimens were machined 
and tested according to ASTM A 370. 
Table 7 shows the results of the tests performed at 
+75F. Initially, only one charpy was removed from each 
test location at a depth of one to two inches (25 to 
51mm). Because there was an unexpectedly high scatter 
in impact energies between opposite test locations, an 
additional test was taken from each location, but at a 
depth of zero to one inches (0 to 25mm). This scatter 
was due to strength differences between opposite test 
locations, as we later discovered. But there was also 
an unexpectedly high variation between charpies removed 
from the zero to one inch (0 to 25mm) test depth and the 
one to two inch (25 to 51mm) depth, so four to five 
additional tests were removed from a depth of zero to 
one inches (0 to 25mm) within each location; we also 
gave special attention to preparation and testing 
procedures. These tests exh~bited an average scatter of 
J 
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15 ft-lbs (2.1 kg-m)--the scatter ranged from 7 to 21 
ft-lbs. (1.0 to 2.9 kg-m)--and this appears to be the 
normal charpy impact variability of the material. The 
cause of variability between the two test depths (0-1" 
vs. 1--2", or 0-25 vs. 25-5lmm) is treated in the 
Discussion of Results section of Part 1. An analysis of 
the impact data as they relate to the heat treatments, 
is given in the Statistical Analysis section of Part 1. 
Table 
range 
8 shows the/.c:·ults of testing the charpies over a 
of temperatures, and the FATT, ISTT (Impact 
Strength Transition Temperature), and LETT (Lateral 
Expansion Transition Temperature) values determined from 
those results. There was an excellent correlation 
between 50% FATT, 60 ft-lb (8.3 kg-m) ISTT, and 0.030 
inch (0.76 mm) LETT; ISTT and LETT can be useful checks 
on the transition temperature if there are any doubts 
about the value, because of the subjectivity in 
determining FATT. Charpies from opposite test locations 
within each core were mixed for each determination 
because of the limited number of specimens available. 
Unfortunately, this results in a greater uncertainty in 
determining the effect of heat treatment on transition 
temperature because of the strength differences between 
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opposite locations within each core. The results are 
analyzed with regard to the strength differences between 
cores in the Statistical Analysis section of Part 1. 
Sets of charpy blanks, which were removed from locations 
adjacent to the charpies described in Table 8, were heat 
treated according to the cycle shown in Table 9. This 
~ 
cycle is known to induce temper embrittlement in those 
grades which are susceptible, such as NiCrMoV (12]. The 
charpies were then machined and tested at various 
temperatures as shown in Table lOr_the charpies from 
opposite test locations were again mixed, with the 
exception of those from core A. This was because of an 
obvious difference between the test locations when 
percent fibrosity is plotted against test temperature 
for core A. No such difference was apparent in the data 
from the other cores, and this difference was not 
apparent in the unembrittled specimens from core A. 
With the exception of location AA in core A, all of the 
material exhibited some increase in transition 
temperature. This was due to temper ernbrittlement, as 
verified by the presence of 5 to 10% intergranular 
fracture. A photomicrograph illustrating this is shown 
24 
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in Figure 7. Samples from the AA test location also 
exhibited intergranular failure, but we were not able to 
determine the reason for their high impact values and 
low apparent transition temperature. 
3d. Dilatometer Testing. The dilatometer tests were 
removed from cores D, E, and F after normalizing. The 
tests from core D were used to determine the critical 
points of that core prior to its final heat treatment. 
The tests cores E and F were used to determine 
whether com sitional differences within the allowable 
range for this grade have a significant effect on the 
critical points. The specimens were removed after 
normalizing so that the microstructure would be the same 
as an actual forging going into final heat treatment. 
As the following results will show, the critical points 
of a given grade can be altered depending 0n the degree 
to which the. alloying elements are present as second 
phases (carbides and nitrides) and in solution, as 
determined by prior heat treatments. 
The dilatometry was performed using 1 inch (25mm) 
diameter x 4 inch (102mm) long specimens which expanded 
and contracted against a quartz rod within an 
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electrically-heated, insulated furnace. A thermocouple 
irnbedded in the center of the specimen was used for 
temperature measurement. Heating and cooling rates were 
controlled and recorded during the test. A photograph 
of this unit is shown in figure 6 of reference 7. The 
specimens were heated rapidly to lOOOF, then heated at 
the prescribed rates to 1550F and held for one hour 
prior to cooling. The error of the measured values is 
estimated to be +15F. 
The results of the dilatometer testing are shown in 
Table 11. There are only minor differences between the 
Ac 1 temperatures, although this should be expected since 
the relative effects of the ferrite- and carbide-formers 
virtually cancel each other out in the compositions of 
these cores, as shown in Table 12. However, cores D and 
F (alloy-lean) had Ac3 temperatures 25 to 30F higher 
than core E (alloy-rich). This was qualitatively 
predicted by the equations of Andrews [24] as shown in 
Table 12. Albano's results [7] are also compared in 
Table 12. Although his material's carbon content 
(0.30%) was higher and vanadium content (0.08%) lower, 
his critical temperatures were similar to those measured 
in this thesis. (Note: We did use the same machine.) 
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Albano's Ac3 was found to be significantly high
er than 
(, 
the predicted value when statistically compared using 
the t-test. Therefore, Andrews' formula for Ac 3 does 
not appear to be entirely adequate for this grade of 
steel, possibly due to alloy element interactions. 
Heating rate appeared to have some effect, as the 
Ac1 temperatures of the specimens 
heated between 15 and 
25F/hr were 5 to 30F lower than those heated 50F/hr. 
This was probably caused by the solutioning kinetics of 
the carbides. The solutioning .effect is further 
illustrated by the low Ac1 temperature of the run of a 
sample from core E, which had an as-quenched structure 
(cooled 400F/hr from 1500F). The as-quenched structure 
was relatively free of alloy carbides (since it had not 
been tempered) and this apparently lowered the 
activation energy for the nucleation of austenite 
(because much of the alloy content was already in, 
solution). Consequently, the Ac1 was lowere<l an ~ r~J 
estimated 25F. 
The dilatorneter results bring out some other interesting 
observations on composition and solutioning effects. 
Although the alloy content of the specimens studied in 
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this thesis had relatively minor (albiet quantifiable) 
effects on the Ac 1 and Ac3 , they did have a substantial 
effect on the bainite start (B8 ) and finish(\) 
temperatures. The average alloy-rich B8 was 838F vs. 
925F for alloy-lean, and the average alloy-rich Bf was 
535F vs. 578F for alloy-lean. Thus, the moderately 
higher alloy content of core E substantially depressed 
the B and Bf temperatures. This is in qualitative 
s 
agreement with the B temperature predictions of Steven s 
and Haynes [25], although the predicted values are 20 to 
70F below the measured values, as shown in the 
comparison in Table 13. 
Also, based on these results, an intercritical 
temperature of 1400F was chosen as an aim for the 
intercritical heat treatment of core D. 
3e. Optical Microscopic Examination. Samples for 
microscopic examination were removed at a one to two 
inch (25-5lmm) test depth from cores A, B, C, and D 
after both preliminary and final heat treatments. The 
samples were metallographically prepared and etched in a 
solution of saturated picric acid+ three to five drops 
of concentrated HCl per 100 ml and backpolished to 
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reveal prior austenite grain boundaries. The grain size 
was highly duplex as shown in the photomicrograph in 
Figure 8; very tiny grains were observed along the 
boundaries of much coarser grains. This was true for 
both preliminary- and final-treated conditions . 
. 
Average prior austenite grain sizes were determined 
using the three-circle intercept technique [ASTM E 112, 
12.4] and the results are shown in Table 14. The grain 
sizes were converted into ASTM numbers using the 
following formula: 
....... 
ASTM no. - -(6.6457 X log13) - 3.298, 
where L3 is the mean lineal intercept 
. 1n mm. 
Both the tiny grains and the larger grains were measured 
and are included in the averages. We do not know 
whether the tiny grains play a significant role in 
affecting the hardenability, strength, or toughness of 
the steel; this appears to be an area for further study. 
In this light, the development of some statistical 
measure of duplexity might be useful. The results show 
that there are no significant differences between the 
prior austenite grain sizes of the cores, in either the 
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preliminary- or final-heat treated conditions. ThP. 
results also show that the final heat treatment 
substantially refines the prior austentite grain size of 
the steel (from ASTM 3.5 to 8). 
Prior austenite grain sizes of production forgings are 
also included in Table 14 for comparison. There are 
values for forgings produced both before and after the 
practice change of reducing the normalizing temperature 
from 1850F to 1750F. These results show that reducing 
the normalizing temperature from 1850F to 1750F had a 
moderate effect, by reducing the prior austenite grain 
size from about ASTM 5 to 6. Again, there was no 
noticeable reduction in grain size when the normalizing 
temperature was further reduced from 1750F to 1650F in 
the experimental material. The experimental material 
exhibited finer grain sizes than the production material 
(ASTM 8.3 vs. 6.3, respectively). Thus, the 
experimental conditions did not precisely duplicate the 
production experience, although it is difficult to 
pinpoint the reason for the discrepancy. 
Samples were also metallographically prepared and etched 
in saturated picric acid+ HCl to reveal the general 
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microst·ructure. There were no noticeable differences in 
the microconstituents of cores A, B, C, and D,r;·i-0 either 
the preliminary- or final-treated conditions. The 
preliminary-treated (normalized and tempered) structures 
consisted of 100% tempered bainite, and the final-
treated (queilched and tempered) structures consisted of 
lOOr) tempered martens i te. Representative 
photomicrographs of the structures are shown in Figures 
9 and 10. 
4. The Effect of Normalizing Temperature on Fine 
Microstructure. A set of blocks from core A (removed 
after the core had undergone final treatment) was 
normalized at various temperatures to better-understand 
the microstructural changes which occur in this material 
during normalizing. Samples measuring l" x l" x 5" 
(25mm x 25mm x 127mm) were normalized separately, each 
at one of the following temperatures for 15 hours and 
then air cooled: 1650, 1700, 1750, 1800, 1850, or 
1900F. The material was examined in optical and 
electron microscopes. 
4a. Electron Microscopic Examination. Pieces measuring 
l" x l '' x about 1/2" ( 25mm x 25mm x 13rrun) were removed 
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from the blocks, metallographically prepared, and etched 
in 2% Nital for 20 seconds. Direct carbon extraction 
replicas were prepared from the etched faces and 
examined in a Philips EM400T Scanning Transmission 
Electron Microscope (STEM). We analyzed selected 
particles using energy dispersive spectroscopy (EDS) to 
determine their composition. Although we could not 
detect the presence of carbon with EDS, we assumed that 
the particles were primarily carbides (as opposed to 
nitrides) because of the low nitrogen content of the 
steel. The stoichiometries of the precipitates were not 
determined. 
We focused our attention on the prior austenite grain 
boundaries and particles associated with the grain 
boundaries. In general,, we found that the grain 
boundaries were relatively free of precipitates in all 
of the samples investigated as shown in Figure 11. The 
particles that were present on the grain boundaries 
consisted of either iron carbides or vanadium carbides. 
The iron carbides (shown in Figure 12) did not appear to 
be pinning the boundaries: it is more likely that they 
precipitated there upon cooling from the normalizing 
temperatures. 
; 
• 
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The vanadium carbides, shown in Figures 13 and 14, did 
appear to be pinning the b0undaries: edges of the 
vanadium carbides were usually seen lying directly along 
the grain boundaries. A number of the vanadium carbides 
also contained lesser amounts of chromium. 
There were not enough vanadium carbides identified in 
this study to make an adequate comparison of the effects 
of the different normalizing temperatures, and there 
were no obvious differences upon comparing the 
photomicrographs. The grain boundary vanadium carbides 
ranged wid ly in size; for example, vanadium carbides 
measuring 38-0 to 1480X in diameter were found in the 
sample normalized at 1800F. 
Most of the carbides within the grains were iron 
carbides, with little or no alloy content. A 
representative photomicrograph is shown in Figure 15. A 
few vanadium carbide particles were present in the 
matrix, although they were difficult to find. Figure 16 
shows one of the matrix vanadium carbides. 
·, 
4b. Optical Microscopic Examination. Samples measuring 
l" x l" x about 1/2'' (25mm x 25mm x 13mm) were sectioned 
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from the as-normalized blocks, metallographically 
prepared, and etched in Winstead's etchant (15 min.) for 
. 
prior austenite grain size and 4% Picral (30 sec.) 
followed by 2% Nital (30 sec.) for general 
microstructure. The microstructures of the samples 
normalized at 1650F and 1900F are shown in Figure 17 for 
comparison. All of the samples contained 100% 
as-quenched bainite. Grain size increased linearly with 
normalizing temperature up to about 1800F, then 
increased in an exponential manner to 1900F, as shown in 
Figure 18. 
C. Statistical Analysis: Comparison of Experimental and 
Production Data 
The charpy impact properties of the four experimental 
discs were statistically compared with the charpy impact 
properties of production turbine discs which were 
normalized at 1750F. This served two purposes: 
(1) to determine whether the experimental heat 
treatments were repr·esentative of actual production 
• exper1.ence 
(2) to compare the three non-standard treatments (B, C, 
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and D) with both the production data and the control 
cycle (A). 
The statistical analysis was performed using a 
commercial software package, Statistical Analysis 
3 
System (SAS) on an IBM 370/3032 computer at Bethlehem 
Steel's Homer Research Laboratories. The "STEPWISE" 
procedure was used to perform a multiple regression 
analysis on composition and mechanical property data 
from 24 turbine disc forgings normalized at 1750F. A 
list of the variables considered is shown in Appendix 
B. Tempering temperature was not used as a variable in 
this particular analysis because of the uncertainty of 
the exact temperatures experienced by the experimental 
cores. (Recall the strength variations between cores 
and between test locations.) Instead, the charpy 
properties were modelled as being dependent only on 
yield strength and composition. 
A problem with this procedure is that it raises the 
question of whether the tempering response of the 
3 
SAS Institute Inc., P.O. Box 10066, Raleigh, NC 
27605. 
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experimental cores was the same as the production discs. 
That is, we have assumed that the experimental cores 
would have the same strength as the discs, given the 
same composition and tempering temperature. On the 
other hand, it eliminates the question of some of the 
variability in the production data. For example, one 
source of variability could be due to differences 
between different tempering furnaces. This variability 
does not show up because we are comparing yield strength 
and not tempering temperature. 
Another problem is that using yield strength as a 
dependent variable tends to mask the compositional 
variables upon which yield strength is dependent, such 
as carbon. Given these reservations, we can show how 
the yield and tensile strengths compare with the 
production forging values with respect to tempering 
parameter. This comparison is shown in Figure 19. The 
values for cores A and D (points at higher tempering 
parameter) are within the production data scatterbands; 
the values for core B tend to be at the top or above the 
scatterbands and those for core Cat the bottom or 
below. This indicates that the furnace temperature may 
not have been uniform during the tempers of cores Band 
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C (cores Band C were tempered together). 
The selection/rejection criteria employed to determine 
which independent variables should be included in the 
regression equations were semi-quantitative, and require 
some explanation. Initially, all variables were 
included in the analysis. Then, as a first cut, those 
variables which exhibited an F ratio of greater than 5 
were excluded. Although Wetz [26] reconunended a 
selection criterion of four time) the F ratio of the 
selected percentage point, this was too rigorous for the 
purpose of the analysis. Variables which we knew, 
either through metallurgical theory or experience, 
affe~teft the properties in certain ways would have been 
---- -- _,, 
rejected by this criterion. 
For example, in the case of +75F charpy impact energies 
in Table 15, the F value for 95% significance 
[F(2,21,0.95)} is 3.47. Four times this would make the 
rejection criterion F<l3.88, and sulfur would have been 
rejected (because it had an individual F value of 
12.76), even though we knew from experience (e.g., EPRI 
project RP2060) that sulfur significantly affects the 
upper shelf energy of this material. Therefore, this 
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writer proposes that a sound knowledge of the behavior 
of the system being statistically analyzed can be 
substituted for rigorous selection/rejection criteria in 
certain instances. 
After the initial cut, some variables were re-inserted 
one-at-a-time as a final test of their significance. 
Some variables were included based on the "sound 
knowledge" criterion, even though their significance was 
less than 95% (generally a good cutoff point). Once 
these variables were established, each was individually 
"fine-tuned" by applying various mathematical 
transformations for the best individual F value. 
Besides the simple linear variable (x), transformations 
that were tried were x**2, ln(x),rx, and 1/x. This 
resulted in the highest multiple correlation coefficient 
2 (r) for each equation. As additional statistical 
checks, the correlation matrices were checked for 
variable independence and the residuals were plotted. 
The resulting equations consisted of +75F charpy impact 
energy and FATT as functions of yield strength and 
composition, and are shown in Tables 15 and 16 with 
their associated statistical data. The impact and 
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tensile data from opposite test locations within each 
core were averaged for simplicity of analysis. The 
actual computer printouts are shown in Appendix B. 
The results in Table 15 show that the +75F charpy impact 
energies of the cores are in good agreement with the 
predicted values from the regression equations. 
Unfortunately, this means that none of the experimental 
treatments improved +75F charpy impact energy compared 
with production data from discs normalized at 1750F. 
However, there were some differences in the FATT 
results, shown in Table 16. The actual FATT value of 
core A (-145F) was significantly higher than the 
predicted value (-176F), indicating that something was 
awry. Indeed, this reinforces the unusual result of the 
embrittlement study, where the AA test location shewed 
almost no change in FATT despite the presence of 
intergranular failure. The reason for this result is 
not known. 
Core D exhibited a much lower FATT (-200F) than the 
predicted value (-175F). This result falls at the 
extreme lower end of the 95% confidence interval of the 
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predicted value; this value is also significantly lower 
than the -170F FATT of core B (the control core, in this 
case). Thus, there is some evidence that the 
intercritical heat treatment can improve the transition 
temperature of the material, but not necessarily the 
upper shelf energy. The mechanism for the improvement, 
if it is real, is unclear since the metallographic 
results showed that core D had the same prior austenite 
grain size as the other cores. 
D. Discussion of Results 
The critical temperatures determined in this experiment 
were in good agreement with those implied by Homma [18] 
and determined by Albano [7], but not with Woodford and 
/ 
Stepien [20] who reported a much narrower range (1274 to 
1400F). One could argue that this is due to the 
difference in experimental technique: Woodford and 
Stepien used a gradient bar method while Albano and 
myself used continuous heating and cooling dilatometry. 
However, Homma's microstructural work involved holding 
specimens at temperature and quenching, which is 
implicitly similar to the gradient bar method, and his 
results are in good agreement with the findings in this 
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thesis. Woodford and Stepien did not provide enough 
information about their technique to allow an assessment 
of the degree of error associated with their 
measurements, but the dilatometric methods are probably 
more applicable, if not more accurate, since they more 
closely resemble the production experience. 
The results of the charpy impact testing at +75F showed 
that the inherent scatter of impact energies is about 7 
to 21 ft-lbs (1.0 to 2.9 kg-m). A curious observation, 
however, is that the impact energies at the one to two 
inch (25 to 51mm) test depth are higher than those at 
the zero to one inch (0 to 25mm) test depth in seven out 
of eight test locations. One would normally expect the 
test location closest to the surface to have the highest 
toughness (in this steel) since it has the best quench. 
In fact, Albano [7] has shown that the fastest cooling 
rates in his experiment (up to 1300F/hr) produced the 
lowest transition temperatures. 
Our unusual result was verified, however, by two 
students at Lehigh University--Jim Umbach (1983) and 
Dennis Maloney (1985), who were working with Bethlehem 
as part of the Industrial Option Program [27, 28]. They 
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investigated a wide range of quench rates in 3.5NiCrMoV 
turbine disc steel and discovered an apparent maximum in 
impact energy at a quench rate of about 2000F/hr. Their 
results are shown in Figure 20. Based on some 
unpublished data (29], the quench rate at the surface of 
the experimental cores was estimated to be 7300F/hr; 
therefore, the observance of higher impact energies 
below the surface than right at the surface is 
consistent with the student's findings. 
Regarding cycles C and D, neither cycle improved charpy 
upper shelf energy. The extended temper in cycle C may 
not have been a good test of this treatment. Suzuki, et 
al. [14] recommended a tempering parameter of 20; the 
normal tempering parameter in this experiment was 20.1, 
and the extended tempering parameter was 20.6. 
Therefore, we may have already been past the optimum. 
Furthermore, it is possible that the treatment is more 
effective prior to the normalize. 
Although the intercritical treatment (cycle D) appeared 
to have slightly improved the FATT of the material, it 
did not affect the prior austenite grain size. 
Furthermore, it did not improve the susceptibility to 
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temper embrittlement compared with the other·treatments, 
' 
~s measured by FATT. This contradicts the results of 
Woodford and Stepien [20]. 
Regarding the effect of normalizing temperature, 
although the 1850F normalize has slightly better upper 
shelf energies than the 1750F ~ormalize (this will be 
confirmed in Part 2) this work was only for a single 
normalize. It is possible that some combination of 
double normalizes would improve the upper shelf energy 
over a single 1850F normalize. For example, 1850F + 
1750F, 1750F + 1750F, 1750F + 1650F, etc. 
The greatest problem in interpreting the results of this 
experiment is to explain why the forgings which were 
normalized at the highest temperature (1850F), and which 
had the largest grain sizes, also had the highest upper 
shelf energies .. The cause of the highly duplex prior 
austenite grain structure also needs to be addressed. 
Kula and Cohen [30] proposed that the duplexity in high 
speed tool steels was due to a discontinuous grain 
growth mechanism. An initially fine-grained martensitic 
or bainitic structure becomes coarse, with a high degree 
43 
of duplexity, upon austenitizing above a characteristic 
coarsening temperature. An annealed structure (ferrite 
+ carbides) remains fine-grained after austenitizing. 
This was attributed to the formation of an austenite 
subgrain structure during austenitizing of the 
martensite or bainite phases. The subgrain structure 
causes the recrystallizing austenite to revert back to 
the previous austenite grain size, and promotes the 
consumption of smaller grains along the advancing 
recrystallization front. Larger grains are favored at 
the expense of smaller ones because of the attendant 
decrease in interfacial energy when the smaller grains 
are consumed. The discontinuous coarsening is further 
enhanced by the non-uniform dissolution of pro-eutectoid 
carbides which are pinning the austenite grain 
boundaries. 
( 
Webster and Allen [17] extended these concepts to a 
NiCrMoV steel. They proposed that slow heating rates to 
the ·austenitizing temperature promote precipitation of 
coarse v4c3 in ferrite dur:ng heating, and that rapid 
heating promotes the formation of fine carbides. 
Discontinuous grain growth occurs when the coarse 
carbides redissolve upon heating to coarsening 
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temperatures in the austenite region, releasing the 
austenite subgrain boundaries in a discontinuous manner. 
The finer carbides do not stabilize the austenite 
subgrains; instead, the subgrains grow rapidly and 
uniformly in the presence of fine carbides, and do not 
. ;, 
transmit the previous austenite grain size to the 
newly-recrystallized structure. 
Like Webster and Allen [17], we found that the grain 
boundaries were only sparsely populated with 
precipitates, indicating that the pinning action of the 
vanadium carbides is very effective. However, we 
observed a much wider size range of grain boundary 
vanadium carbides than they did--from 380~ to 2100~ in 
diameter. This indicates that their proposed mechanism 
of fine-precipitate dissolution and grain boundary 
release may only play a minor role, or possibly the 
smaller grain boundary vanadium carbides observed 
precipitated there upon cooling from the normalizing 
temperature (although it did appear that they were 
• 
actually pinning the boundaries). A much more extensive 
study than presented in this thesis would be necessary 
to establish the true interactions between coarsening 
temperature, ~anadium carbide dissolution, vanadium 
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carbide size and distribution, and grain boundary 
The vanadium content of this steel (about 0.14%) is 
possibly not at the best level from the standpoint of 
charpy impact properties. Vishnevsky and Steigerwald 
[31] found that the worst charpy properties occurred at 
0.10%V in a series of NiCrMoV steels which they studied. 
Webster and Allen [17] found that the minimum coarsening 
temperature occurred at vanadium contents of 0.15% in 
0.20% carbon NiCrMoV steels, and at vanadium contents of 
0.10% in 0.40% carbon NiCrMoV steels. 
Nickel content could also be a factor in grain 
coarsening. Homma [18] found that increasing nickel 
from zero to three percent increased prior austenite 
• • grain size. 
Two possible explanations are proposed for the unusually 
good upper shelf energies exhibited by the 1850F 
normalize, coarse-grained material: 
(1) Normalizing at 1850F dissolves more vanadium carbide 
into solution than normalizing at 1750F. Upon cooling, 
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the vanadium carbide reprecipitates, but in a more 
finely dispersed form so that it can redissolve upon 
austenitizing at 1530F. Thus, the higher temperature 
normalize puts more vanadium into solution and might 
improve the upper shelf energy by effectively increasing 
the vanadium content, or by providing a finer carbide 
dispersion. As mentioned before, Vishnevsky and 
Steigerwald [31] found that vanadium content affects 
impact properties. The exact mechanism for the vanadium 
effect is unknown, and could be a subject of future 
investigations. 
(2) Normalizing at a higher temperature improves the 
homogeneity of the steel because of increased diffusion 
rates. Although this point was not mentioned 
previously, there is an inherent segregation or 
"banding" pattern in the material. It is possible that 
the carbides are coarser in the all0y-lean regions, 
reducing the impact energy as the fracture traverses 
them during the impact test. Normalizing at a higher 
temperature would therefore reduce the degree of 
segregation and result in a more uniform distribution of 
finer alloy carbide particles. 
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The latter hypothesis is testable by (a) performing 
electron probe microanalysis measurements on the 
segregate regions and comparing material normalized at 
1850F with material normalized at 1650 or 1750F, and (b) 
performing carbide particle size/shape/spacing 
measurements and comparing the high and low alloy 
segregate regions in high and low norrnalizihg 
temperature samples. 
E. Conclusions 
The following conclusions were drawn from the results 
presented-in this section: 
(1) Reducing the normalizing temperature from 1850F to 
1750F did not improve the upper shelf energy of the 
material, although it did slightly refine the prior 
austenite grain size in production material. 
(2) Reducing the normalizing temperature from 1750F to 
1650F did not have a significant effect on strength, 
impact energy, FATT or prior austenite grain size. 
(3) Final heat treatment significantly refines the prior 
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austenite I • The experiment showed a grain size. 
refinement from ASTM 3.5 to 8, however the production 
• might not be dramatic • 1750F-experience as since 
normalize production discs have an • average prior 
austenite • • of about ASTM 6 . grain size 
(4) The use of an intercritical treatment prior to the 
final heat treatment did not result in any improvement 
in upper shelf energy. There was some evidence that the 
FATT was improved, but the results are not conclusive 
since there was no improvement in prior austenite grain 
• size. 
(5) The use of an extended temper after normalizing did 
not have a significant effect on any of the mechanical 
properties. It is possible that the normal tempering 
time and temperature were already optimal for this 
material. 
(6) All of the material was susceptible to temper 
embrittlement. 
(7) The highest impact energies occurred at least one to 
two inches (25 to 51mm) below the quenched surface of 
49 
the discs. This was consistent with previous findings 
[27, 28]. 
(8) Critical temperatures were affected by several 
parameters: Ac1 and Ac3 were lowered with (a) slower 
heating rates and (b) when the prior treatment was 
changed from normalized and tempered to as-quenched; 
Ac
1 
and Ac
3 
were qualitatively affected by composition 
as predicted by Andrews' equations [24), but not 
quantitatively; 8
8 
and Bf temperatures were reduced with 
increased alloy content. 
(9) More work is needed to determine why the 1850F 
normalizing temper,a.ture produces equal or better upper 
':.'>,, 
shelf energies than lower normalizing temperatures. 
Suggestions are given in the section entitled "Areas for 
Further Study." 
(10) Austenite grain size increases in a continuous 
manner at normalizing temperatures up to 1900F. 
(11) Vanadium and vanadium-chromium carbides are the 
principle particles involved in grain boundary pinning. 
It appears that grain boundary pinning occurs with a 
sparse distribution of particles along the boundaries. 
so 
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PART 2.--STATISTICAL ANALYSIS AND OPTIMIZATION OF 
PRODUCTION DATA 
In this section, the development of regression equations 
from production turbine disc data is described. These 
equations are then used to evaluate the effect of \_ 
reduced normalizing temperature on mechanical 
properties. The ?roduction and evaluation of high Cr 
turbine.discs is discussed. Finally, the development of 
optimum combinations of composition and tempering 
treatment using standard linear programming procedures 
is described. 
A. Statistical Analysis of Production Data 
We statistically analyzed the production data from 94 
turbine disc forgings for the following reasons: 
(1) to determine which variables most significantly 
affect yield strength, tensile strength, and +75F charpy 
impact energy 
(2) to assess the effect of the practice change, which 
was to reduce the normalizing temperature from 1850F to 
1750F. 
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Multiple regression equations were developed as 
described in detail in the Statistical Analysis section 
of Part 1, with one exception: because there was no 
comparison with e~perimental cores in this segment, 
tempering parameter was used as- an independent variable 
instead of yield strength. This hopefully provides a 
truer reflection of the contributions of each of the 
independent variables, since yield strength tends to 
mask the contributions of those variables upon which it 
is dependent. 
1. Regression Equation Results. The equations which 
were developed from data from 68 turbine discs are shown 
in Table 17, and the computer printouts are shown in 
Appendix C. These equations allow the prediction of 0.2% 
yield strength, tensile strength and +75F impact energy 
after one temper and after multiple tempers for turbine 
discs normalized at 1850F. Their utility lies in 
... 
·~ 
showing which variables are significant (in a 
' 
quantitative manner), and in allowing the heat treatment 
planner or engineer to acc~rately determine the proper 
tempering parameter needed to achieve a desired yield or 
tensile strength. 
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The following observations were based on the equations 
developGd for multiple tempers only, and they summarize 
the contributions of each element toward the mechanical 
properties. We can derive similar observations for the 
properties after the first temper. It is important to 
emphasize that these observations are to be applied only 
to the element ranges given in Table 18. Extrapolation 
beyond these ranges could result in significantly 
different predictions from reality; for example, the 
effect of sulfur could be an order of magnitude greater 
at levels approaching 0.001%. 
Carbon - For each point (0.01%) of carbon added the 
yield strength increases 2.9 ksi (20 MPa), the tensile 
strength increases 7.2 ksi (50 MPa), and the impact 
energy is lowered 2 ft-lbs (0.28 kg-m), at 0.20% C. Note 
that the yield and tensile strengths change at different 
rates; higher carbon lowers the yield-to-tensile ratio. 
Phosphorus - For each point (0.001%) of phosphorus 
added, the impact energy is reduced 1.2 ft-lbs (0.17 
kg-m), at the 0.007% P level. 
Sulfur - For each point (0.001%) of sulfur added, the 
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impact energy is reduced 1.1 ft-lbs (0.15 kg-m). 
Chromium - For every ten points (0.10%) of chromium 
added, the impact energy is increased 5.5 ft-lbs (0.76 
kg-m), at the 1.75% Cr level. 
Tempering parameter - Increasing the tempering 
temperature from llOOF to lllOF and tempering for 15 
hours results in the following: a 4.6 ksi (32 MPa) 
reduction in yield strength, a 4.1 ksi (28 MPa) 
reduction in tensile strength, and a 6.6 ft-lb (0.91 
kg-m) improvement in impact energy. 
2. Determining the Effects of Normalizing Temperature 
and Cooling Rate from the Temper. The regression 
equations described in the previous section were used to 
evaluate the effects of reducing the normalizing 
temperature from 1850F to 1750F. This was accomplished 
by taking the data from discs normalized at 1750F, and 
plugging into the equations in Table 17. The results 
are shown in the form of residual plots in Figures 21 
through 24. Residuals are calculated by subtracting the 
predicted values of strength or impact energy from the 
actual values. 
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In analyzing the data, it was necessary to account for 
the cooling rate from the temper, since the cooling rate 
appeared to have some effect on the mechanical 
properties. The exact cooling rates were not recorded 
during heat treatment; only the methods, furnace or air 
cooling, were known. Air cooling is significantly 
faster than furnace cooling. The 1850F normalize data 
used to develop the regression equations contained both 
air cooled and furnace cooled discs, although most of 
the discs were furnace cooled from the tempers. 
Figure 21 shows that normalizing at 1750F did not 
significantly affect the yield or tensile strength after 
furnace cooling from the first temper. However, discs 
which were air cooled from the temper had slightly 
higher strengths than the predicted average (by about 
three ksi, or 21 MPa). Figure 22 shows that air cooling 
does not have the same effect after the final temper. 
The interpretation is complicated, however, because the 
discs shown did not receive the same number of tempers 
(2, 3, or 4) and they received varying combinations of 
furnace or air cooling following each temper. Figure 22 
also shows that the actual values are as much as nine 
ksi (62 MPa) lower than predicted at higher strength 
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levels '·(above 95 ksi, 655 MPa, yield strength). 
Figure 23 shows that, after the first temper, the impact 
energies of the 1750F-normalize furnace-cooled discs are 
significantly lower than that of the 1850F discs. This 
can be shown statistically by assuming that a random 
distribution of residuals above and below the zero line 
indicates no significant difference. Only one out of 16 
residuals lies above the zero line, and we can calculate 
the probability of one or fewer residuals above the line 
using the binomial distribution: 
P(y = 0,1) = 16! (.5)0 (.5)16 + O! 16 ! 16! (.5)1 (.5)15 1 ! 15 ! 
= .000259 or .0259% probability 
Thus, we can say with 99.97% confidence that the 1750F 
normalize, furnace cooled discs have lower impact 
energies than the 1850F normalize discs. 
Figure 23 also shows that the air cooled discs have 
widely varying impact energies after the first temper, 
all values being within or below the confidence limits 
for the 1850F normalize discs. 
Figure 24 shows that the equation for impact energy 
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after the final temper does not completely predict the 
1750F normalize disc energies. The actual values are 
lower than predicted at low impact energy levels (high 
strength levels), and higher than predicted at high 
impact energy levels (low strength levels). There are 
no apparent differences between final temper impact 
energies of air cooled and furnace cooled discs. 
B. Production Trial of Discs with Higher Chromium 
Based on a preliminary version of the equations shown in 
Table 17, we decided to produce two turbine discs with a 
higher Cr content than usual. As in Table 17, the 
equation for +75F charpy impact energy indicated that 
higher Cr would result in higher impact energies. In 
addition, we slightly reduced the Ni content to offset 
the alloying cost of the higher Cr. Nickel was not a 
significant variable in the impact equations, so we did 
not expect to affect the properties by reducing the Ni 
level slightly. There was also a basis for these 
adjustments in the literature: Forch, et al. [32] 
showed that increased Cr and reduced Ni reduced the 
susceptibility to temper embrittlement in the subject 
grade, although their alloy changes were of a much 
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greater magnitude. Newhouse and Holtz [12] and Coulon 
(13] found that Ni reduced charpy upper shelf energy in 
their studies. 
Table 19 shows the composition of the production heat, 
from which two turbine discs were forged, and the heat 
treatment and mechanical properties of the discs. The 
resulting Cr content was about 0.08% greater and Ni 
content about 0.10% less than the typical values. The 
discs were normalized at 1750F. 
The results of this experiment are shown in the residual 
plots in Figures 21 through 24. Figures 21 and 22 show 
that the alloy changes did not significantly affect the 
yield or tensile strengths. Figures 23 and 24 show that 
the high Cr disc impact energy values were, on average, 
higher than the predicted average for 1850F normalize 
discs although within the 95% confidence interval. The 
high Cr values were also generally higher than the 
values for normal Cr discs which were normalized at 
1750F. These results show that higher Cr may indeed 
improve +75F impact energy and warrants the 
implementation of further trials and evaluations. 
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c. Optimization of Tempering Parameter and Composition 
for Maximum Impact Energy 
The tempering parameter and composition were optimized 
for maximum +75F charpy impact energy using standard 
linear programming techniques. First, two new 
regression equations were developed for final-temper 
yield strength and +75F impact energy, and they are 
shown in Table 20 (the computer printouts are shown in 
Appendix D). This was necessary because linear 
programming requires that the equations be in linear 
4 
form. Then, the IBM MPSX linear programming package 
was usecr-to determine the conditions which would 
maximize the impact energy for a variety of yield 
strength levels. 
One aspect of the equations in Table 20 bears further 
explanation: the normalizing parameter, NORMP = ~ x 
ln(t). This variable was 0riginally developed to model 
the kinetics of normalizing as Arrhenius-type behavior. 
4 
A variety of optimization techniques are available 
which could handle the non-linear equations in Table 17 
[33]. However, it was most expedient for the purpose of 
this work to resort to a linear programming approach. 
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The form was to be similar to the Hollomon-Jaffee 
tempering parameter, M = T x [constant+ log(t)], and 
the normalizing parameter was intended to be used in 
equations along with normalizing temperature (absolute 
temperature). These terms would then reduce to the 
tempering parameter form in the regression equation as 
follows: 
Cl x NORMTEMP + C2 x NORMP 
= Cl x T + C2 x T x ln(t) 
- T x [Cl + C2 x ln(t)] 
= C2 x T x [Cl/C2 + ln(t)] 
However, in the preliminary regression equations which 
were developed only the NORMP term was significant, so 
the normalizing temperature term was dropped. When the 
equations in Table 20 were developed, the NORMP term was 
retained (since the previous results showed that 
normalizing does have an effect on impact energy), but 
its significance is virtually nil. In this study, the 
NORMP term does not have a significant effect on the 
results or conclusions, but the impact equation in Table 
20 should be redeveloped without this term if any future 
optimization work is performed. For this optimization, 
NORMP was set at a constant 3-475 (the equivalent of 15 
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hours at 1850F), since the previous results indicated 
that 1850F was the best normalizing temperature. 
The optimization results are shown in Table 21, and the 
computer printouts are shown in Appendix D. In all 
cases, the optimization controlled yield strength using 
only tempering parameter· the values for C, P, and S 
were held at the lowest possible levels, and Cr at the 
highest possible level to achieve the maximum impact 
energies. If the extrapolation is valid, all strength 
levels shown can be met with the low carbon content 
(0.10%). The validity of the extrapolation should be 
tested either with carefully controlled laboratory 
experiments or through production trials with prudent, 
·incremental reductions in carbon, or, preferably, both. 
If the extrapolations of C and Cr are valid, the 
optimized composition promises a significant improvement 
in toughness--27 ft-lbs at the 105 ksi yield strength 
level--above the impact energy for a typical composition 
0 f • 2 0 ~a C, • 0 0 8 9-::o P, 0 0 a· 0 C' and 1 7 5 ° Cr • 7a ~, • 7a • This 
improvement assumes good control over steelrnaking, for 
0.005% P and S, and some relief from the specification 
on the maximum amount of Cr allowed (the ASTM limit is 
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2.00%). 
D. Discussion of Results 
A number of authors have performed statistical analysis 
on NiCrMoV turbine rotor and turbine disc data (11-13, 
34, 35]. Although most of these studies concentrated on 
FATT and temper embrittlernent susceptibility, two of the 
papers [12, 13] specifically analyzed charpy upper shelf 
energy. Newhouse and Holtz [12] developed the following 
equations for charpy upper shelf energy (EmWQ) of 
NiCrMoV turbine rotors: 
EmWQ = 201 - 70(%C) - 871(%S) - 0.82(TS) 
log(EmWQ) - -3.815 - 0.026log(%Mn) - 0.293log(%S) 
- 0.736log(%Ni) - l.327log(Ta) 
+ 3.780log(Tt) - 0.835log(TS), 
where Ta= austenitizing temperature (F), Tt = tempering 
• temperature (F) and TS= tensile strength (ksi). The 
variables C, S, and Tt were common with the equations in 
Tables 17 and 20 (Tt in the form of tempering 
parameter). In addition, Ni and Mn have negative 
influences on impact energy. It is interesting to note 
that they also included TS, which is dependent upon Tt, 
in the same equation as Tt. 
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Coulon [13] developed a much simpler expression: 
100% ductile impact energy= 148 - 12.1(%Ni) 
This equation also shows that Ni has a negative effect 
on impact energy. 
Carbon seems to be a two-edged sword in this steel. 
Clearly, from the equations in Tables 15, 17, and 20, 
~ 
and from reference 12, lowering the carbon content 
results in improved upper shelf energy. However, 
references 11 and 12 show that-higher carbon lowers the 
FATT after step cooling and reduces susceptibility to 
temper embrittlement. Thus, while lower carbon might be 
beneficial for rotor discs, which do not 
characteristically exhibit temper embrittlement after 
production heat treatment, it might raise the FATT of a 
turbine rotor--especially in the core where temper 
embrittlement is often present. The best solution might 
be to eliminate temper embrittlement by going to very 
low levels of P and Mn (which are known to promote 
temper embrittlement), and then reap the benefits of 
lower carbon. 
(~ 
\ 
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E. Conclusions 
The conclusions drawn from the results given in Part 2 
are summarized below: 
(1) Regression equations were developed for the 
prediction of 0.2% yield strength, tensile strength, and 
+75F charpy impact energy with a useful degree of 
accuracy. The equations were developed for properties 
after both a single temper and multiple tempers. 
(2) The equations showed that higher C, P, and Sare 
detrimental to +75F impact energy, and that higher Cr 
and tempering parameter are beneficial. The Cr effect 
was also supported by an experiment in which two 
production discs were manufactured with intentionally 
higher Cr. 
(3) A comparison of 1850F-normalize production data with 
1750F normalize production data showed that the discs 
normalized at 1750F had generally lower impact energies, 
except at the lowest strength levels. Tensile and yield 
strengths were marginally affected by normalizing 
temperature. 
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(4) Turbine discs which were air cooled from the temper 
exhibited a high degree of scatter in impact energy. 
(5) Linear programming was used in conjunction with the 
regression equations to develop optimum compositions and 
tempering treatments for various strength levels. The 
optimization predictions promise substantial 
improvements in impact energy, but these improvements 
are contingent upon the validity of the extrapolations 
and reasonably good steelmaking practice. 
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AREAS FOR FURTHER STUDY 
A number of points were raised in this thesis which 
require clarification or further study. Although the 
author will not be continuing this work, other 
investigators in this area may need to address these 
• issues: 
- Determine the lowest carbon content needed to 
achieve various strength levels. Also 
determine whether low carbon would have 
detrimental effects on turbine rotor FATT and 
if so, whether these can be eliminated by 
reducing P and Mn content. 
- Determine the effects of lower C and higher Cr 
on sec resistance. 
- Determine the effects of higher or lower Von 
grain size and impact properties, preferably 
in conjunction with the C study. 
- Determine the cause of the improvement in 
impact energy with higher Cr. Possibly 
related to carbide morphology and composition 
or size and distribution. 
- Investigate the reasori for the negative effect 
of increased Ni on impact energy, and the 
simultaneous improvement in FATT with higher 
Ni., as seen in the literature. 
- Determine the effects of various double-
normalizing treatments on grain size and 
impact properties. 
- Determine whether normalizing only at lower 
temperatures (without a high temperature 
normalize or anneal) impairs the homogeneity. 
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Also, determine whether this affects carbide 
size and distribution after final heat 
treatment. 1 
- Quantify the effect of precipitate size and 
dissolution kinetics on critical temperatures. 
- Determine whether the tiny grains in the 
duplex structure significantly affect the 
mechanical properties of the steel. It may be 
necessary to develop some statistical measure 
of duplexity to accomplish this. 
- Determine the reason for the.high degree of 
scatter in impact energy when discs are air 
cooled (vs. furnace cooled) from the temper. 
What microstructural changes occur with 
various cooling rates? 
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Table 1. Cccrq;osition Requirements of AS'IM S~cif ication 
A 471-77, Classes 1-3 [6] 
Carbon 
Manganese 
Phosphrus 
Sulfur 
S ·1· * 1 icon 
Nickel 
Chromium 
r-1o1 ylJdenum 
vanadium 
Antinony 
canoosi tion, vrt. % 
.. 
0.28 max 
0.70 max 
0.015 max 
0.015 max 
0.15-0.35 
2.00-4.00 
0.75-2.00 
0.20-0.70 
0.05 min 
To be rernrted for 
infonnation only 
* When vacuurn carbon deoxidation is specified 
[as in the material used in this exp:rriment], 
silicon content shall be 0.10 max. 
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Table 2. C'Dnditioning Heat Treat:nents After Forging 
Core A 
Forging (approx. 1625°F) charged into preheater operating at 600°F 
Held approx. one day 
Burned 
Air cooled 
Core B 
Forging (approx. 1600°F) charged into preheater operating at 600°F 
Held approx. one day 
Burned 
Air cooled 
Core C 
Forging (approx. 1250°F) charged into preheater operating at 600°F 
Held approx. two days 
Burned 
Air cooled 
Core D 
Forging (approx. 1400°F) charged into preheater operating at 600°F 
Held approx. two days 
Burned 
Air cooled 
Cores A, B, C and D were then treated as follows to facilitate removal of 
chemistry and dilatometry tests: 
Heated to 1300°F, held 15 hours 
Fu1nace cooled to below 600°F 
Air cooled 
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Core 
A 
B 
C 
D 
J 
Table 3 • Preliminary Heat Treatments 
Heating 
Rate(°F/hr) 
Normalize* 
Temp.(°F) Time(hrs.) 
50 
50 
50 
50 
1750 
1650 
1650 
1650 
* Air cooled to 500°F 
Furnace cooled to 425°F 
15 
15 
15 
15 
Equalized at 425°F, held 11.25 hours 
Heated 50°F/hour to temper 
Air cooled after tempering 
70 
Temper 
Temp.(°F) Time(hrs) 
1250 
1250 
1250 
1250 
15 
15 
45 
15 
Identity 
A 
B 
C 
D 
'-J 
I-' 
Table 4. Final Heat Treatments 
Austenitizing First TemEer 
b 
Heating Quenching Heating 
Rate Temp. Time Time 
a Rate Temp., Tl Time, tl 
50°F/hr 1535+25°F 11 hrs ~ min 50°F/hr 1175°F 
-
50°F/hr 1540+28°F 11 hrs 90 min 50°F/hr 1167°F 
50°F/hr 1540+28°F 12.75 hrs 90 min 50°F/hr 1167°F 
-
50°F/hr 1416+44°F 12 hrs 120 min 50°F/hr 1175°F 
.50°F/hr 1535+25°F 12.75 hrs 90 min 
(a) Each piece was individually quenched in agitated water. 
(b) Each piece was air cooled from the tempering temperature. 
(c) First temper: 
3 
Ml= Tl,oK x (20 + log tl,hrs)/10 
15 
15 
15 
15 
Second temper: Mi - [Tz,oK X log(tZ,hrs x lOZO + 10Ml/T2)J/10) 
°K = 5/9 x (°F - 32) + 273.15 
hrs 
hrs 
hrs 
hrs 
F ~ 
Second TemEer b 
Heating Tempering 
Rate Temp .• , T2 Time, t2 Parameter 3M 
50°F/hr 1127°F 15 hrs 19.307 
50°F/hr 1130°F 15 hrs 19.241 
50°F/hr 1130°F 15 hrs 19.241 
50°F/hr 1127°F 15 hrs 19.307 
\ __ _ 
The Operator has 
Determined that the 
Previous Frame is 
Unacceptable and Has 
Refilmed the Page 
in the Next Frame. -
·-----.. ____ ....... ~-- . 
. . 
/ 
r· 
: ij 
Identity 
A 
B 
C 
D 
-....J 
~ 
(a) 
{b) 
(c) 
Austenitizing 
Table 4. Final Heat Treatments 
Quenching 
b First Temper 
Heating 
Rate Temp. Time T . a 1me 
Heating 
Rate Temp.,Tl Time,tl 
50°F/hr 1535+25°F 11 hrs ~ min 50°F/hr 1175°.F 15 hrs 
50°F/hr 1540+28°F 11 hrs 90 min 50°F/hr 1167°F 15 hrs 
50°F/hr 1540+28°F 12. 75 hrs 90 min 50°F/hr 1167°F 15 hrs 
50°F/hr 1416+44°F 12 hrs 120 min 50°F/hr 1175°F 15 hrs 50° F /hr 1535+25° F 12. 75 hrs 90 min 
Each • piece was individually quenched in agitated water. 
Each piece . cooled from the tempering temperature. was air 
3 First temper: Ml = Tl,oK x (20 + log tl,hrs)/10 
Second temper: Mi = [T2 OK x log(t2,hrs x 1020 + 10Ml/T2)J/103 , 
°K = 5/9 x (°F - 32) + 273.15 
Heating 
Rate 
50° .F/hr 
50°F/hr 
50°F/hr 
50°F/hr 
b Second Temper 
Tempering 
Temp.,, T2 Time, t2 Parameter 2M 
1127°F 
1130°F 
1130°.F 
1127°F 
15 hrs 
15 hrs 
15 ·hrs 
15 hrs 
,, 
19.307 
19.241 
19.241 
19.307 
\ 
----
Table 5. Chemical Analyses of Test Material (wt.%) 
Sample Total Total 
Identity C Mn p s Si Ni Cr Mo V Al N Cu Sn Sb As 0 
AA .21 .31 .007 .006 .041 3.51 1.67 .55 .14 (.004 .0072 .053 (.005 .0004 .0088 .0048 
BB .21 .31 .007 .007 .042 3.50 1.69 .56 .14 (.004 .0072 .053 (.005 .0004 • 0086 \ • 0065 
cc .21 .40 .008 .007 .033 3.50 1.73 .56 .13 (.004 .0067 .049 (.005 .0004 .0094 .0044 
........, 
N DD .21 .31 .007 .006 .032 3.51 1.68 .55 .14 (.004 .0069 .052 (.005 .0004 .0089 .0036 
E 
.-23 .32 .007 .009 .03 3.57 1.84 .52 .11 (.005 
- .05 (.01 - - -
F .18 .35 .007 .006 .05 3.50 1.73 .47 .10 (.005 - .06 (.01 -
Prior Heat Treatment 
1750°F N+T; Q+TT 
/-\ 
\ ) 
1650°F N+T; Q+TT 
1650°F N+Extended T; 
Q+TT 
1650°F N+T; Inter-
critical Q+Q+TT 
Table 6. Tensile Results 
Tempering 
Parameter Identity 
19.307 Al 
A2 
AAl 
AA2 
19.241 Bl 
B2 
BBl 
BB2 
19.241 Cl 
C2 
(X;l 
OC2 
19.307 Dl 
D2 
001 -. 
002 
.2% Y.S. 
(ksi) 
97 .2 
97. 7 
100 
99. 7 
108 
100 
102 
102 
93.2 
93.2 
96. 7 
97. 7 
99 .2 
99.2 
99. 7 
99.2 
.; 
73 
, 
T.S. 
(ksi) 
114 
114 
116 
116 
122 
123 
117 
118 
109 
109 
114 
114 
115 
115 
116 
116 
% 
Elongation 
23 
24 
24 
23 
23 
23 
24 
24 
25 
25 
24 
24 
24 
23 
24 
24 
% 
Reduction 
of Area 
66 
72 
70 
72 
69 
70 
70 
72 
74 
72 
72 
72 
71 
70 
72 
72 
Table 7. Room Temperature (+75°F) Charpy Impact Results 
Test Impact Lateral Test Impact Lateral 
Depthc 
{, 
Depthc 
a b Energy Expansion a b Energy Expansion Identity, (inches) (ft-lbs) % Fib (inches) Identity, (inches) (ft -lbs) % Fib (inches) 
A2 1-2 143 100 .075 C2 1-2 141 100 .081 
A9 0-1 133 100 .076 C9 0-1 129 100 .077 
• AlO 0-1 134 100 .083 • ClO 0-1 117 100 .068 
• All 0-1 122 100 .074 • Cll 0-1 134 100 .075 
• Al2 0-1 131 100 .076 • Cl2 0-1 136 100 .071 
• Al3 0-1 132 100 .072 • Cl3 0-1 134 100 .077 
AA2 1-2 136 100 .076 • Cl4 0-1 135 100 .080 
AA9 0-1 130 100 .076 CC2 1-2 126 100 .073 
• AAlO 0-1 135 100 .079 CC9 0-1 140 100 .082 
• AAll 0-1 120 100 .082 • CClO 0-1 142 100 .075 
• AA12 0-1 128 100 .077 • CCll 0-1 140 100 .075 
• AA13 0-1 135 100 .074 • CC12 0-1 136 100 .077 
........ • CC13 0-1 135 100 .071 
.,i::... 
B2 1-2 138 100 .067 D2 1-·2 149 100 .084 
B9 0-1 122 100 .068 D9 0-1 139 100 .078 
• BlO 0-1 120 ., "O .LU .067 • D10 0-1 132 100 .077 
• Bll 0-1 132 100 .075 • Dll 0-1 142 100 .078 
• Bl2 0~1 · 122 100 .073 • D12 0-1 136 100 .078 
• Bl3 0-1 114 100 .062 • D14 0-1 138 100 .084 
BB2 1-2 147 100 .080 DD2 1-2 145 100 .086 
BB9 0-1 140 100 .080 DD9 0-1 129 100 .080 
• BBlO O··l 124 100 .072 • DD10 0-1 135 100 .073 
• BBll 0-1 134 100 .076 o DD11 0-1 142 100 .083 
• BB12 0-1 129 100 .074 • DD12 0-1 121 100 .071 
• BB13 0-1 127 100 .081 • DD13 0-1 132 100 .078 
• BB14 0-1 139 100 .078 
a. Single and double letter designations (e.g. - A2 vs. AA2) indicate opposite, 180° apart test locations. 
b. Sample identities preceded with a dot(.) were carefully prepared, dimensionally inspected and temperature 
controlled in a liquid prior to testing. These steps were taken because of the variable results encountered 
with the first samples tested at +75°F. 
c. Depth of specimen measured from nearest quenched surface. 
~ 
Table 8. Unembrittled Charpy Transition Temperature Resultsa,b 
Test 
Temperature 
Prior Heat Treatment Identity (°F) 
1750°F N+T; Q+TT A2 +75 
1650°F N+T; Q+TT 
A4 -75 
Al -125 
A3 -175 
AAl -225 
M3 -150 
AA4 -100 
+75 
-75 
-125 
Impact 
Energy 
(ft-lbs) 
143 
114 
91 
37 
17 
53 
80 
Lateral 
Expansion 
% Fibrous (inches) 
100 .075 
100 .071 
70 .051 
40 .018 
21 .003 
45 .026 
75 .047 
.067 ~ 
.064. \\ 
.051 ~_/· 
C FATT50 
-145°F 
B2 
B4 
Bl 
B3 
BB4 
BBl 
BB3 
-175 
138 
112 
94 
43 
45 
77 
53 
100 
91 
75 
36 
33 
68 
48 
.018 -170°F 
1650°F N+Extended T; 
Qi-TT 
-225 
-150 
-162 
+75 
-75 
-125 
.020 
.039 
.029 
.081 
.073 
.040 
C2 
Cl 
C3 
C4 
CC3 
CC4 
CCI 
-175 
141 
125 " 
62 
61 
100 
98 
61 
50 
11 
31 
78 
.033 -160°F 
1650°F N+T; Inter-
critical Q+Q+TT 
D2 
Dl 
D3 
D4 
DD3 
DD1 
DD4 
-225 
-200 
-100 
+75 
-75 
-125 
-175 
-225 
-200 
-212 
5 
25 
95 
149 
142 
120 
74 
9 ~ 
65 
35 
100 
100 
85 
63 
11 
53 
40 
.ooo 
.010 
.055 
.084 
.083 
.067 
.039 
.ooo 
.033 
.014 
a. All samples were removed from a test depth of 1 to 2 inches. 
-200°F 
b. Transition temperatures were determined by mixing specimens from opposite 
locations, 180° apart (e.g. - A and AA). 
c. FATT 50 := 50% Fracture Appearance Transition Temperature. ISTT60 :-=. 60 ft-lbs. Impact Strength Transition Temperture. IETT.030 = .030 in. Lateral Expansion Transition Temperature. 
C ISTT60 
-145°F 
-165°F 
-150°F 
-195°F 
C LETT.030 
... , 
-140°F 
-165°F 
-160°F 
-195°F 
Table 9. Embrittling Cycle 
Blanks placed into furnace operating at 1100°F, 
held 1 hour 
Cooled to 1000°F, held 15 hours 
Cooled to 975°F, held 24 hours 
Cooled to 925°F, held 48 hours 
Cooled to 875°F, held 72 hours 
Furnace cooled to below 600°F 
76 
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-...J 
-...J 
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Table 10. Embrittled 
a b Charpy Transition Temperature Results , 
Prior Heat Treatment 
1750°F N+T; Q+TT 
1650°F N+T; Q+TT 
1650°.F N+Extended T; 
Q+TT 
1650°F N+T; Inter-
critical Q+Q+TT 
Test 
Temperature 
Identity (°F) 
Ab +75 
A5 -75 
A7 -175 
AH -100 
AA6 +75 
AAS -125 
AA7 -150 
AA8 -162 
B6 +75 
BB6 +75 
B5 -75 
BBS -125 
B7 -175 
BB7 -150 
B8 -100 
BB8 -112 
C6 +75 
CC:6 +75 
cs -75 
ccs -125 
C7 -·175 
CC:7 -150 
C8 -100 
CC8 -112 
D6 +75 
DD6 +75 
D5 -75 
DDS -125 
D7 -175 
DD7 -200 
DB -150 
008 -100 
Impact 
Energy 
(ft-lbs) 
93 
73 
12 
59 
136 
93 
53 
40 
118 
124 
100 
42 
12 
50 
96 
78 
138 
125 
68 
26 
15 
35 
63 
56 
130 
130 
107 
86 
30 
32 
50 
61 
a. All samples were removed from a test depth of 
% Fibrous 
95 
80 
21 
63 
100 
90 
55 
45 
100 
100 
87 
47 
26 
44 
93 
88 
100 
100 
59 
35 
16 
31 
61 
50 
100 
100 
94 
78 
35 
31 
48 
69 
Lateral 
Expansion 
(inches) 
.056 
.047 
.001 
.035 
.080 
.055 
.027 
.020 
.072 
.074 
.058 
.024 
.002 
.027 
.053 
.045 
.082 
.074 
.044 
I 
\-013 
·.oo4 
.020 
.037 
.031 
.081 
.080 
.063 
.044 
.015 
.017 
.025 
.034 
1 to 2 inches. 
C FATT50 
-120°F 
-155°F 
-135°F 
-105°F 
-155°F 
ISTTc 
--60 
-100°F 
-145°F 
-130°F 
-95°F 
-135°.F 
·C LETT. 030 
-110°F 
-145°F 
-l35''i 
-115°F 
-135 °F 
b. Transition temperatures of Core A showed a difference between test locations 180° apart (A vs. AA), 
therefore the transition values are shown separately. Transition temperatures of the other cores 
(B, C and D) were determined by mixing specimens from opposite test locations. 
c. FATT50 = 50% Fracture Appearance Transition Temperature ISTT00 = bO ft-lbf Impact Strength Transition Temperature 
:u;TT.030 = .030 in. Lateral Expansion Transition Temperature 
' d. 6Transition Temperature (6TI') = TT(Embrittled) - TI'(Unembrittled) 
+25°F +45°F 
-10°F 0°F 
+35°F +35°F 
+55°F +55°F 
+45°F +60°F 
d 6LETT.030 
+30°F 
+5°F 
+35°.F 
+45°F 
+60oF 
Core 
E 
F 
E 
"' F 00 
D 
D 
E 
Table 11. Dilatometer Results 
Prior Approximate 
Description 
Alloy-Rich 
Alloy-Lean 
Alloy-Rich 
Alloy-Lean 
Intercritical 
Intercritical 
Alloy-Rich 
Heat Treatment 
Normalized 1650F, 15 hrs 
Tempered 1250F, 15 hrs 
Normalized 1650F, 15 hrs 
Tempered 1250F, 15 hrs 
Cooled 400F/hr from 1500F 
Normalized 1650F, 15 hrs 
Tempered 1250F, 15 hrs 
Normalized 1650F, 15 hrs 
Tempered 1250F, 15 hrs 
Normalized 1650F, 15 hrs 
Tempered 1250F, 15 hrs 
Normalized 1650F, 15 hrs 
Tempered 1250F, 15 hrs 
Heating Rate 
50F/hr 
50F/hr 
15.6F/hr 
16.7F/hr 
53.lF/hr 
25F/hr 
20F/hr 
Ac1 Ac 3 Cooling Rate B s 
1305F 1460F ~400F /hr 835F 
1295F 1490F ~400F/hr 910F 
1250F 1490F 740F/hr 840F 
between 
1580F and 840F 
1290F 1490F 375F/hr 940F 
1310F 1490F ~50F/hr 890F 
1295F 1480F 21.3F/hr 940F 
1275F * =-400F/hr 960F 
* This run was aborted at 1500°F and cooled without a hold, due to equipment malfunction. 
Note the high B temperature compared with the other alloy-rich results, probably due to less 
s 
alloy solutioning • 
.. 
Bf 
550F 
595F 
520F 
560F 
520F 
SOOF 
560F 
I 
Table 12. Comparison of Critical Temperatures 
(Effect of Alloying Elements, and Predicted vs. Actual Values) 
Material 
Ac1 Albano [7] 
Core D (Intercritical) 
Core E (Alloy-rich) 
Core F (Alloy-lean) 
Ac 3 Albano [7] 
Core D (Intercritical) 
Core E (Alloy-rich) 
Core F (Alloy-lean) 
Average 
Measured Value Predicted Value* 
1271F 1270F 
1303F 
1290F 
1293F 
1464F 
148SF 
1460F 
1490F 
1273F 
1276F 
1275F 
1414F 
1466F 
14SOF 
1469F 
* Ac1 (°C) = 723 - 10.7(%Mn) - 16.9(%Ni) + 29.1(%Si) + 16.9(%Cr) + 290(%As) + 6.38(%W) 
[95% confidence limit=±. 23°C] 
= 910 - 203..J%C - 15.2(%Ni) + 44.7(%Si) + 104(%V) 
+ 31.5(%Mo) + 13.1(%W) 
[95% confidence limit=± 33°C] 
From reference 24. 
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Table 13. Canpa.rison of Measured vs. 
Predicted Bainite Start (B ) Tanperatures 
s 
Material 
CorE.~ D 
Core E 
Cor.e F 
Measured B 
s 
915F 
835F 
925F 
Predicted B * 
s 
846F 
81SF 
861F 
* B (°C) = 830 - 270(%C) - 90(%Mn) - 37(%Ni) 
5 
- 70(%Cr) -83(%Mo) 
Fran reference 25. 
/ 
80 
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· Table 14. Average Prior Austenite Grain Sizes (ASTM Values) 
Sample 
Identity 
Normalizing 
Temperature 
After Normalize 
and Temper 
After Final 
Treatment 
A 
B 
C 
D 
1750F 
1650F 
1650F 
1650F 
3.2 
3.5 
3.6 
3.9 
8.3 
8.2 
(.7 
7.7 
Production Data Values After Final Treatment 
Normalizing Standard Number of 
Temperature Average Deviation Data Points 
1750F 6.28 0.785 5 
1850F 5.16 0.547 13 
81 
-Table -15. · Comparison of Experimental and Production 
Impact Energies 
Predicted t 
Core 
Actual Average 
Impact Energy Impact Energy Assessment 
A 
B 
C 
D 
130 
127 
134 
135 
I 
133 Good agr~ement. 
112 Actual somewhat higher 
than predicted but 
within confidence limit. 
136 Good agr~ement. 
131 Good agreement. 
t Determined by using ch~mical analysis values from Table 5 
and average yield strength values from Table 6 in the 
following equation: 
+75F Charpy Impact Energy= 407.9 - 2.4792(0.2% rim yield strength) 
- 5135.0(%S) 
r 2 = .78, F = 40, 95% confidence interval=+ 20 ft-lbs 
Regression equation developed from 24 production forgings 
normalized at 1750F. 
82 
Table 16. Comparison of Experimental and Production 
FATT Values 
Actual FATT 
Core (Unembrittled) Predicted FATTt Assessment 
A -145 F -176 F Actual FATT significantly 
higher than predicted.*"-----
B -170 F -166 F Good agreement. 
C 
D 
-160 F 
-200 F 
-160 F 
-175 F 
Good agreement. 
Actual FATT lower than 
predicted at extreme end of 
95% confidence interval. 
This indicates that inter-
critical treatment may lower 
FATT. 
* Actual value is somewhat suspect, based upon results after 
embrittlement (Table 10). 
t Determined by using chemical analysis values from Table 5 
and average yield strength values from Table 6 in the 
following equation: 
FATT (°F) = 420.5 + 1.7084(0.2% rim yield strength) 
+ 243.37(%Mn) 
2 
r = .59, F = 11, 95% confidence interval= +20,-26°F 
Regression equation developed from 18 production forgings 
normalized at 1750°F. 
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Table 17. Regression Equations Developed from Turbine Discs Normalized at 18
.SOF 
Regression Equation 
RIMYSl = -0.0401218(Ml) + 39.4725(%C) - 22.9416(%Cr) 
+ 907.065 
RIMTS1 = -0.0378507(Ml) + 66.3068(%C) + 834.727 
CVNl = 0.0501311(Ml) - 1848.97(%S) + 9.51715/(%C) 
-4449.51(%P) - 841.068 
95% Confidence 
Interval 
+7.4 ksi 
+7.0 ksi 
+17.2 ft-lbs 
2 
r 
.958 
.965 
.921 
F 
491 
892 
184 
RIMYSFIN = -0.0386948(M4) + 28.5789(%C) + 843.666 
RIMTSFIN = -0.0349104(M4) + 72.4926(%C) + 777.785 
CVNFIN = 1030.751n(M4) - 1096.32(%S) + 8.45748/(%C) 
+5.7 ksi 
+5a8 ksi 
+15.8 ft-lbs 
.974 1221 
- 177.525/(%Cr) + 0.0660355/(%P) - 9982.56 
Key 
RIMYS1 = 0.2% yield strength at the rim location of the disc after one tempe
r 
RIMTSl = tensile strength at the rim location of the disc after one temper 
.976 
.928 
CVNl = +75°F charpy impact energy at the rim location of the disc after one te
mper 
RIMYSFIN = 0.2% yield strength at the rim location of the disc after the fin
al temper 
RIMTSFIN = tensile strength at the rim location of the disc after the final 
temper 
CVNFIN = +75°F charpy impact energy at the rim location of the disc after the
 final temper 
Ml= Tempering parameter after one temper= Tl x [20 + log{;l)], Tl in °K, tl in hours 
M4 = Tempering parameter after the final temper; M2=T2xlog(t2xlo
20+10Ml/TZ) 
1324 
159 
M3=T3xlog(t3xlo20+10MZ/T3) 9 or= M2 if no third temper 
M4= etc. 
Table 18. Composition and Tempering Parameter 
Limits of the Regression Equations 
Shown in Table 17 
C 
p 
s 
Cr 
0.19 - 0.34% 
0.004 - 0.009% 
0.005 - 0.011% 
1.60 - 1.81% 
Ml 18129 - 19812 
M4 18152 - 19932 
The equations should be used with considerable 
caution if any of the variables are not within 
these limits. 
85 
I 
(X) 
°' 
Table 19. Chemical Analysis, Heat Treatment, and Mechanical Property Results of Heat Produced 
to Higher Chromium Content 
C Mn . p 
. 20 .33 .007 
Forging 
Number 
No rn1al iz ing 
Temperature 
1 1750F 
.2 1750F 
. , 
s Si Ni 
. 008 .05 3.50 
Tempering Time 
and Temperature 
1180F, 16 hours 
1120F, 15 hours 
1180F, 16 hours 
1140F, 15 hours 
Cr Mo V Al Cu 
1.83 .49 .11 <.005 .05 
l 
Average 0.2% 
Yield Strength 
Average 
Tensile Strength 
100.2 
96.8 
100.5 
95.7 
i ...... . 
116.7 
113.0 
116.3 
112.3 
Sb As 
.0006 .009 
+75°F Impact 
Energy 
139 
156 
139 
139 
) 
Table 20. Regression Equations Developed for 
Linear Programming Optimization 
CVNFIN = 0.05930(P4) - 0.00116(NORMP) - 1981.06770(%S) 
-103.15627(%C) + 52.60717(%Cr) 
- 1507.17370(%P) - 1056.67083 
95% confidence interval= +17.0 ft-lbs 
....... 
2 
r = .905, F = 137 
0.2% Yield Strength= -0.03675(P4) + 37.55528(%C) 
-0.83989(%Cr) + 804.94092 
95% confidence Interval=+ 6.9 ksi 
2 
r = .949, F = 562 
Both 1850F and 1750F normalize data were used to 
develop these equations. 
Key 
P4 = Final tempering parameter 
NORMP = Normalizing Parameter, ToK x ln(th ) ours 
CVNFIN = Charpy impact energy (ft-lbs) .at rim 
location of disc after final temper 
• 0.2% Yield Strength= Yield strength (ksi) at rim 
location of disc after 
final temper 
87 
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Table 21. Results of Optimization to Maximize +75F Impact Energy 
Limits Imposed on 
Optimization Program 
Range of Values in 
Regression Equation D~~a 
Optimum Conditions 
for 85 ksi YS 
Optimum Conditions 
for 95 ksi YS 
Optimum Conditions 
for 105 ksi YS 
Optimum Conditions 
for 115 ksi YS 
Optimum Conditions 
for 125 ksi YS 
C 
.10 - .35 
.19 - .34 
.10 
.10 
.10 
.10 
.10 
p s Cr 
.005 - .012 .005 - .015 1.50 - 2.00 
.004 - .009 .005 - .011 1.60 - 1.83 
. 005 . 005 2.00 
.005 • 005 2.00 
f 
• 005 .005 2.00 
. 005 • 005 2.00 
.005 • 005 2.00 
1 Normalizing Parameter= ToK x ln (th ) ours [3475 = 1850F, 15 hours] 
P4 
17n13 - 20638 
18153 - 19932 
19647 
(1180F, 18.5 h) 2 
19375 
(1160F, 17.0 h) 2 
19103 
(1140F, 15.6 h) 2 
18831 
(lllOF, 19.6 h) 2 
18559 
(1090F, 18.0 h) 2 
2 Double temper at this time and temperature to achieve indicated tempering parameter. 
...,, 
) 
Normalizin! 
Parameter 
+75F Impact 
Energy (ft-lbs) 
3475 
3050 - 4364 58 - 180 
3475 182 
3475 166 
3475 149 
3475 133 
3475 117 
GOVERNOR END 
L-5,L-6,L-7~--
L·8,L·9---
IR, 2R 
3R, 4R, 5R --J 
,-------L-3,L-4 
r-----L-2 
I r~-1 
GENERATOR END 
\_IOR 
---- 9R 
----- BR 
----- 6R, 7R 
Figure 1. Schanatic cross-section drawing of a Westinghouse M:>del X-5 la-1 
pressure rotor. The turbine discs are the shaded protrusions attached to 
the central p:,rtion of the sh.aft. They are rrounted by shrinking onto the 
shaft and J...:eying. [Reproduced fran referetJ.ce 3, figure D-6.] 
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Figure 2. This figure illustrates hCM a lCM pressure turbine fits into a design for a nuclear turbine. 
[Reproduced fran reference 4.] 
The Following Document Lacks 
the Necessary Contrast to 
Provide a High Quality Image. 
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Adjusted to Give the 
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Pigur·: 3. Ph0t-ooraph of a turhinP shaft , with discs and blad s rri"'·~ted . 
[Reproduced fran r ef0rcnce 5.] 
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Fig. 4-. l~tfect of prelin1i11ary heat treating te.mperature on 
the austcnite grain size after re-au5tenitizing 
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Fig. 10. Effect of preliminary treating temperature on the 
amount of L.EC after quenching from 800°C on 
the way of rc-austenitizing 
.. 
Figure 4. Graphs fran Hcmna.' s work [18] which -indicate that the critical 
temperatures lie at about 1290F (Ac1) and 1470F (Ac3). 
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PigurP 5. Cores n and C, nrior to final heat t r ea tment in a 
gas ··f .i r cxl furnace . 
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Figure 6. Sketch showing how the cores were sectioned for 
raroval of tensile, charpy, and chemistry test specimens. 
(I-Jot drawn to scale.) 
94 
Figure 7. Representative scanning electron microsoope pootanicrographs of 
tenper-enbrittled charpy fracture surfaces, slxJwing intergranular failure. 
Samples shown are fran core A (left, lOOX) and oore B (right, SOCtX). 
r 
I 
.. 
Figure 8. Optical photanicrograph showing 
:•:. 
duplex grain structure (lOOOX). EtchErl in sat-
urated picric acid+ HCl. 
treated condition • 
96 
Sample is in final-
,._ 
Core A Core B Core C Core D 
Figure 9. Representative optical photanicrographs of the microstructures of the cores 
after normalizing and tempering ( SOOX) • Etched in Nita!. Microstructures are 100% "' 
tempered bainite. 
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00 
Corel\ Core R Core C 
Core o 
Figure 10. Representative optical plx>tanicrograpl1s of the microstructures of the cores after final 
heat treatnent (SOOX). EtchEtl ir1 saturated picric + ICl. r-ticrostructures are 100% tetq:ered 
rnartensite. 
Figure 11. 'l»1 ph)tanicrO:Jraph (10,000X) of 
extractioo replica f mn sal11)le normalizErl at 
17rt'lF. Much of the material studied rontainerl 
very "clean" qrain boun<laries such as this, 
making an assessnent of grain boundary precipi-
tates very difficult. 
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Figure 12. Iroo carbides at a prior austenite grain bo\mdary (60,000){), 
fran the sample nonnalizEd at 1750F. These carbides do. not appear to be 
pinning the grain bol.mdary. '!be EDS spect.IUn is also sl'lJwn. The high 
copper peaks are due to the copper nounting grid which supµ:,rted the 
extraction replica. 
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Figure 13. TFJ~ photanicrographs of a grain boundary vanadium carbide 
(indicated by arro.v) fran thl~ speci.nel normalized at l 750F. This carbide 
is roughly 680~ in dian-eter. The identifying EDS spectrum is also slnwn. 
The cop~r peaks are due to the co~r notmting grid which sup{X)rted the 
extraction replica. 
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Figure 14. T01 plx,tanicrograph of a grain boundary vanadium-chranitun 
carbide fran the sample normalizErl at 1650F (36,000X), and its identifying 
EDS spectrum. This carbide is roughly 210oA in diameter. The copper 
r:eaks in the spectrum are due to the copper nounting grid which supµJrted 
th,~ f'..X tr act ion rer)l ica • 102 
Figure 15. Representative 'l'EM photanicrograph of matrix 
containincr primarily iron carhides (10,000X). This is fran 
a sample normalized at 1750F. 
103 
r 
LT• • SECS 
• 
• 
• 
• 
SPECTRll4 I 1111 
, 
· .
. 
.. . .... 
I • 1N RD M 12/21 
EtERGY keV 
Figure 16. TEM ~CXOJraiil of vanadiun-chraniun carbide in matrix 
(60,000X). This particle is roughly 119~ in dianeter and was fran a 
sanple nonnalizsi at l 70<F. ~ idel1tifyiDJ spectnma is shJwn below the 
ph:>tanic.tOJrapl. The COE4er peaks az:e due to the ~ IIIJUlltirq grid 
which S1qp>rted the ext.ractial replim. 
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Figure 17. Optical photomicrograpl1s of from core A, nomalized I spec JJnenS 
at 1650F (left) and 1900F {right). Etched in Picral and Nita!. Both photo-
n1icrographs were taken at 200X magnification, and both structures consist 
of 100% as-que11cl1ed bainite. The structure normalized at 1650F is notice-
ably finer than the one nonnalized at 1900F. 
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Figure 18. The variation of prior austenite grain size with nonnalizing 
tem~rature. The grain diameters are statistically average grain diarreters, 
obtainErl by multiplying the mean lineal intercept by 1.72. 
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Figure 19 ·> Canparison of yield and tensile strengths of experimental cores 
with the scatterband for 24 production discs normalized at 1750F. 
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GLOSSARY 
conditioning treatment - The heat treatment which occurs 
immediately after a piece has been forged. Its purpose 
is to safely create a uniform temperature profile 
throughout the forging as a preparatory step to the 
preliminary treatment. Recent evidence indicates that 
this treatment may have an influence on ~nechanical 
properties after final heat treatment. 
FATT - The 50% shear Fracture Appearance Transition 
Temperature, determined by graphic interpolation from a 
plot of charpy percent shear values vs. test temperature 
(see ASTM A 370, 23.2). 
final treatment - The last treatment operation--in this 
case, consisting of an austenitize, quench, and usually 
two or more tempers. This is the primary determinant of 
strength and toughness. 
ISTT - The Impact Strength Transition Temperature for a 
designated amount of charpy impact energy absorbed 
("strengthn is really a misnomer). See ASTM A 370, 
23.2. In this study, 60 ft-lb ISTT correlated well with 
50% FATT. 
121 
LETT - The Lateral Expansion Transition Temperature for 
a designated amount of charpy lateral expansion (see 
ASTM A 370, 23.2). In this study, the 0.030 inch LETT 
correlated well with 50% FATT. 
preliminary treatment - The heat treatment occurring 
after the conditioning treatment. In this case, it 
consists of a normalize and temper. The normalize 
improve the chemical homogeneity and refines prior 
austenite grain size, while the temper softens the 
forging for efficient rough machining prior to the final 
heat treatment. 
residual - Calculated by subtracting the predicted value 
from the actual value. 
t-test - A statistical test, in this thesis--used to 
compare whether the averages of two groups of data 
(Albano's critical temperatures vs. those compiled by 
Andrews) were significantly different. The t-
distribution is similar to a normal distr·ibution, but 
slightly broader to account for small sample sizes. 
upper shelf energy - In this thesis, taken to be the 
122 
energy exhibited by a charpy specimen broken at a high 
enough temperature for the fracture to be 100% ductile. 
For unernbrittled 3.5NiCrMoV steel, room temperature is 
sufficiently high enough to achieve this. 
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APPENDLX A 
Selected English to Metric Conversions 
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1 ·, 
Selected English to Metric Conversions 
Temperature 
C = S(F - 32)/9 
K = C + 273.15 
Strength 
Strength in MPa = 6.8948 x Strength in ksi 
· Impact Energy 
Energy in Joules= 1.35582 x Energy in ft-lbs 
Energy in kg-m = 0.13826 x Energy in ft-lbs 
Length 
Distance in rnn = 25.4 x Distance in inches 
Distance in nm = 10 x Distance in Angstrans 
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APPENDIX B 
List of Variables 
Regression Equation Cauputer Printouts 
fran Equations in Tables 15 and 16 
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List of Variables Considered. in Regression Analysis 
Carbon 
Manganese 
Phosphorus 
Sulfur 
Silicon 
Nickel 
Chranium 
~lyl:denum 
Vanadium 
Nitrogen 
Finish Forge Ternperature 
Forge I-Ieating Tlltle 
Nonnalizing Ternperature 
Norrralizing Tlltle 
Austenitizing Tanperature 
Austenitizing Time 
Quench Transfer Time 
Tenpering Temperature 
Tempering Time 
Rim Yield Strength (after each temper) 
Rim Tensile Strength (after each temper) 
Hub Yield Strength (after each ten.per) 
Hub Tensile Strength (after each temper) 
Impact Energy (after each tenper) 
Lateral Expansion (after each temper) 
FATl' (after each tenper) 
Forging Thickn.ess 
Grain Size 
Ingot Size 
127 
(I 
SAS 1 
9:25 WEDNESDAY. JANUARY 18, 1984 
STEP 1 
REGRESSION 
ERROR 
TOTAL 
INTERCEPT 
RIMYSFIN 
MAXIMUM R-SQUARE IMPROVEMENT FOR DEPENDENT VARIABLE CVNFIN 
VARIABLE RIMYSFIN ENTERED R SQUARE= 0.65734135 
C(P) = 13.75723254 
DF 
1 
23 
24 
B VALUE 
363.24021203 
-2.41307528 
SUM OF SQUARES MEAN SQUARE 
10191.26245426 10191.26245426 
5312.49754574 230.97815416 
15503. 76000000 
STD ERROR TYPE II SS 
0.36328070 10191.26245426 
F 
44. 12 
F 
44. 12 
PROB>F 
0.0001 
PROB>F 
0.0001 
--------------------------------------------------------------------------------
THE ABOVE MODEL IS THE BEST 1 VARIABLE MODEL FOUND. 
STEP 2 VARIABLES ENTERED R SQUARE= 0.78311017 
C(P) = 3.00000000 
REGRESSION 
ERROR 
TOTAL 
OF 
2 
22 
24 
B VALUE 
INTERCEPT 407.89684729 
RIMYSFIN -2.47922739 
S -5134.96276583 
SUM OF SQUARES 
1 2 1 4 1 . 1 5 2 06 2 5 8 
3362.60793742 
15503. 76000000 
STD ERROR 
MEAN SQUARE 
6070.57603129 
152.84581534 
TYPE II SS 
0.29609762 10715.59842034 
1437.66951191 1949.88960833 
F 
39.72 
F 
70. 11 
12.76 
PROB>F 
0.0001 
PROB>F 
0.0001 
0.0017 
-----------------------·---------------------------------------------------------
THE ABOVE MODEL IS THE BEST 2 VARIABLE MODEL FOUND. 
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SAS 13 
1 1 : 2 5 TUESDAY , JANUARY 2 ..t , 19 8 4 
WARNING: 
STEP 1 
REGRESSION 
ERROR 
TOTAL 
INTERCEPT 
RIMYSFIN 
MAXIMUM R-SQUARE IMPROVEMENT FOR DEPENDENT VARIABLE FATTFIN 
6 OBSERVATIONS DELETED DUE TO MISSING VALUES. 
VARIABLE RIMYSFIN ENTERED 
OF 
1 
17 
18 
B VALUE 
-295.65957763 
1. 18654793 
SUM OF SQUARES 
2102.02899161 
3421.65521892 
5523.68421053 
STD ERROR 
0.36716358 
R SQUARE= 0.38054836 
C(P) = 8.94460800 
MEA~i SQUARE 
2102.02899161 
201. 27383641 
TYPE II SS 
2102.02899161 
F 
10.44 
F 
10.44 
THE ABOVE MODEL IS THE BEST 1 VARIABLE MODEL FOUND. 
STEP 2 
REGRESSION 
ERROR 
TOTAL 
INTERCEPT 
RIMYSFIN 
MN 
VARIABLE MN ENTERED 
OF 
2 
16 
18 
B VALUE 
-420.45738285 
1.70839578 
243.47168999 
SUM OF SQUARES 
3237.30376501 
2286.38044552 
5523.68421053 
STD ERROR 
0.36053941 
86.37980786 
R SQUARE= 0.58607691 
C(P) = 3.00000000 
MEAN SQUARE 
1618.65188251 
142.89877784 
TYPE II SS 
3208.48499358 
1135.27477340 
F 
11 . 33 
F 
22.45 
7.94 
THE ABOVE MODEL IS THE BEST 2 VARIABLE MODEL FOUND. 
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PROB>F 
0.0049 
PROB>F 
0.0049 
PROB>F 
0.0009 
PROB>F 
0.0002 
0.0124 
APPENDIX C 
Regression Equation Computer Printouts 
from Equations in Table 17 
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SAS 10: 18 FRIDAY, AUGUST 30, 1985 32 
MAXIMUM R-SQUARE IMPROVEMENT FOR DEPENDENT VARIABLE RIMYS1 
. 
STEP 1 VARIABLE P1 ENTERED 
R SQUARE= 0.95478479 
C(P) = 5.45744529 
REGRESSION 
ERROR 
TOTAL 
INTERCEPT 
OF 
1 
66 
67 
B VALUE 
SUM OF SQUARES MEAN SQUARE 
22410.15751434 22410. 15751434 
1061.26527977 16.07977697 
23471.42279412 
STD ERROR TYPE II SS 
F 
1393.69 
F 
1393.69 
PROB>F 
0.0001 
PROB>F 
0.0001 
P1 
--------------------------------------------------------------------------------
929. 14550459 
-0.04289548 0.00114902 22410. 15751434 
THE ABOVE MODEL IS 
STEP 2 VARIABLE 
OF 
!,{._ 
REGRESSION 2 
ERROR 
TOTAL 
INTERCEPT 
P1 
65 
67 
THE BEST 1 VARIABLE MODEL FOUND. 
C ENTERED 
SUM OF SQUARES 
22445.59365268 
1025.82914144 
23471 .,42279412 
B VALUE STD ERROR 
R SQUARE= 0.95629455 
C(P) = 5. 13822908 
MEAN SQUARE 
11222.79682634 
15.78198679 
TYPE II SS 
8001 . 10205891 
35.43613834 
F 
711.11 
F 
506.98 
2.25 
PROB>F 
0.0001 
PROB>F 
0.0001 
0. 1389 
C 
--------------------------------------------------------------------------------
881 . 25029298 
-0.04078425 
32.63800259 
0.0018 1133 
21.78117057 
THE ABOVE MODEL IS THE BEST 2 VARIABLE MODEL FOUND. 
STEP 3 VARIABLE CR ENTERED 
REGRESSION 
ERROR 
TOTAL 
INTERCEPT 
P1 
C 
OF 
3 
64 
67 
B VALUE 
SUM OF SQUARES 
22493.54378317 
977.87901095 
23471.42279412 
STD ERROR 
R SQUARE= 0.95833746 
C(P) = 4.00000000 
MEAN SQUARE 
7497.84792772 
15.27935955 
TYPE II SS 
7416.76032468 
50. 2040 1700 
47.95013049 
F 
490. 72 
F 
485.41 
3.29 
3. 14 
PROB>F 
0.0001 
PROB>F 
0.0001 
0.0746 
0.0812 
CR 
--------------------------------------------------------------------------------
907.06518053 
-0.04012178 
39.47252161 
-22.94162958 
0.00182107 
21.77600525 
12.95036300 
THE ABOVE MODEL IS THE BEST 3 VARIABLE MODEL FOUND. 
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SAS 10: 18 FRIDAY. AUGUST 30. 1985 25 
STEP 1 
REGRESSION 
ERROR 
TOTAL 
INTERCEPT 
MAXIMUM R-SQUARE IMPROVEMENT FOR DEPENDENT VARIABLE RIMTS1 
VARIABLE P1 ENTERED R SQUARE= 0.95836468 C(P) = 12.98318084 
OF 
1 
66 
67 
B VALUE 
SUM OF SQUARES MEAN SQUARE 
21627.56718883 21627.56718883 
939.59089941 14.23622575 
22567. 15808824 
STD ERROR TYPE II SS 
0.00108115 21627.56718883 
F 
1519.19 
F 
1519.19 
PROB>F 
0.0001 
PROB>F 
0.0001 
P1 
--------------------------------------------------------------------------------
932.03087102 
-0.04213984 
THE ABOVE MODEL IS THE BEST 1 VARIABLE MODEL FOUND. 
STEP 2 
REGRESSION 
ERROR 
TOTAL 
INTERCEPT 
p 1 
VARIABLE CENTERED R SQUARE ~ 0.96484562 C(P) = 3.00000000 
OF 
2 
65 
67 
B VALUE 
SUM OF SQUARES MEAN SQUARE 
21773.82365083 10886.91182542 
793.33443741 12.20514519 
22567.15808824 
STD ERROR 
0.00159290 
19. 15454558 
TYPE II SS 
6891.48412218 
146.25646200 
F 
891 . 99 
F 
564.64 
1 1 . 98 
PROB>F 
0.0001 
PROB>F 
0.0001 
0.0010 
C 
--------------------------------------------------------------------------------
834.72782544 
-0.03705070 
66.30677571 
THE ABOVE MODEL IS THE BEST 2 VARIABLE MODEL FOUND. 
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SAS 10: 18 FRIDAY, AUGUST 30, 1985 63 
STEP 1 
REGRESSION 
ERROR 
TOTAL 
MAXIMUM R-SQUARE IMPROVEMENT FOR DEPENDENT VARIABLE CVN1 
VARIABLE P1 ENTERED 
SUM OF SQUARES 
R SQUARE= 0.86885301 
C(P) = 40.93439813 
MEAN SQUARE F OF 
1 
66 
67 
47199.98002911 47199.98002911 437.25 
7124.49055912 107.94682665 
54324.47058824 
B VALUE STD ERROR TYPE II SS F 
0.00297710 47199.98002911 437.25 
PROB>F 
0.0001 
PROB>F 
0.0001 INTERCEPT -1071.49546788 
P1 0.06225296 
--------------------------------------------------------------------------------
THE ABOVE MODEL IS THE BEST 1 VARIABLE MODEL FOUND. 
STEP 2 VARIABLE P ENTERED R SQUARE= 0.90581025 C(P) = 13.36387253 
REGRESSION 
ERROR 
TOTAL 
INTERCEPT 
P1 
OF 
2 
65 
67 
B VALUE 
SUM OF SQUARES MEAN SQUARE 
49207.66229794 24603.83114897 
5116.80829030 78.72012754 
54324.47058824 
STD ERROR TYPE II SS 
0.00267585 37032.09759797 
863.77160642 2007.68226882 
F 
312.55 
F 
470.43 
25.50 
PROB>F 
0.0001 
PROB>F 
0.0001 
0.0001 
p 
--------------------------------------------------------------------------------
-966.02382571 
0.05803750 
-4362.17938663 
THE ABOVE MODEL IS THE BEST 2 VARIABLE MODEL FOUND. 
STEP 3 
REGRESSION 
ERROR 
TOTAL 
INTERCEPT 
P1 
INC 
VARIABLE INC ENTERED R SQUARE= 0.91218871 C(P) = 10.26028443 
OF 
3 
64 
67 
B VALUE 
SUM OF SQUARES MEAN SQUARE 
49554.16893300 16518.05631100 
4770.30165523 74.53596336 
54324.47058824 
STD ERROR TYPE II SS 
10580.63659190 
346.50663507 
2348.19986758 
F 
22 1 . 6 1 
F 
14 1 . 95 
4.65 
31. 50 
PROB>F 
0.0001 
PROB>F 
0.0001 
0.0348 
0.0001 
p 
--------------------------------------------------------------------------------
-853.81511084 
0.05076553 
6.90137962 
-5009.93774098 
0.00426085 
3.20083343 
892.58119692 
THE ABOVE MODEL IS THE BEST 3 VARIABLE MODEL FOUND. 
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STEP 4 
REGRESSION 
ERROR 
TOTAL 
INTERCEPT 
P1 
s 
INC 
SAS 10: 18 FRIDAY, AUGUST 30, 1985 64 
MAXIMUM R-SQUARE IMPROVEMENT FOR DEPENDENT VARIABLE CVN1 
VARIABLES ENTERED R SQUARE= 0.92126262 
C(P) = 5.00000000 
OF 
4 
63 
67 
B VALUE 
-841 . 0684 7230 
0.05013113 
-1848.97205071 
9.51714878 
-4449.50569445 
SUM OF SQUARES MEAN SQUARE 
50047. 10384090 12511.77596023 
4277.36674734 67.89471028 
54324.47058824 
STD ERROR 
0.00407341 
686.20444801 
3.20544588 
876. 91198886 
TYPE II SS 
10283.37445130 
492.93490790 
598.51185949 
1748.02426897 
F 
184.28 
F 
151 . 46 
7.26 
8.82 
25.75 
PROB>F 
0.0001 
PROB>F 
0.0001 
0.0090 
0.0042 
0.0001 
p 
---------------------------------------------
-----------------------------------
THE ABOVE MODEL IS THE BEST 4 VARIABLE MODEL FOUND. 
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I 
SAS 10: 18 FRIDAY, AUGUST 30, 1985 49 
STEP 1 
REGRESSION 
ERROR 
TOTAL 
INTERCEPT 
MAXIMUM R-SQUARE IMPROVEMENT FOR DEPENDENT VARIABLE RIMYSFIN 
VARIABLE P4 ENTERED R SQUARE= 0.97273482 
C(P) = 4.34221188 
OF 
1 
66 
67 
B VALUE 
885.56882449 
-0.04052438 
SUM OF SQUARES MEAN SQUARE 
20179.29370306 20179.29370306 
565.61359547 8.56990296 
20744.90729853 
STD ERROR TYPE II SS 
0.00083512 20179.29370306 
F 
2354.67 
F 
2354.67 
PROB>F 
0.0001 
PROB>F 
0.0001 
P4 
--------------------------------------------------------------------------------
THE ABOVE MODEL IS THE BEST 1 VARIABLE MODEL FOUND. 
STEP 2 
REGRESSION 
ERROR 
TOTAL 
INT~RCEPT 
P4 
VARIABLE CENTERED R SQUARE= 0.97406820 C(P) = 3.00000000 
OF 
2 
65 
67 
B VALUE 
SUM OF SQUARES MEAN SQUARE 
20206.95450635 10103.47725318 
537.95279218 8.27619680 
20744.90729853 
STD ERROR 
0.00129425 
15.63249785 
TYPE II SS 
7397.68432550 
27.66080329 
F 
1220.79 
F 
893.85 
3.34 
PROB>F 
0.0001 
PROB>F 
0.0001 
0.0721 
C 
--------------------------------------------------------------------------------
843.66554598 
-0.03869477 
28.57889067 
THE ABOVE MODEL IS THE BEST 2 VARIABLE MODEL FOUND. 
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.,, 
... 
SAS 10: 18 FRIDAY, AUGUST 30. 1985 56 
STEP 1 
REGRESSION 
ERROR 
TOTAL 
INTERCEPT 
P4 
MAXIMUM R-SQUARE IMPROVEMENT FOR DEPENDENT VARIABLE RIMTSFIN 
VARIABLE P4 ENTERED R SQUARE= 0.96709020 
C(P) = 25.29627620 
OF 
1 
66 
67 
B VALUE 
884.07542331 
-0.03955137 
SUM OF SQUARES MEAN SQUARE 
19221 .89900047 19221.89900047 
654. 11570541 9.91084402 
19876.01470588 
STD ERROR TYPE II SS 
0.00089809 19221.89900047 
F 
1939.48 
F 
1939.48 
PROB>F 
0.0001 
PROB>F 
0.0001 
------------------
------------------
------------------
------------------
--------
THE ABOVE MODEL IS THE BEST 1 VARIABLE MODEL FOUND. 
STEP 2 
REGRESSION 
ERROR 
TOTAL 
INTERCEPT 
P4 
C 
VARIABLE CENTERED 
OF 
2 
65 
67 
B VALUE 
777.78452403 
-0.03491044 
72.49256138 
SUM OF SQUARES 
19399.87479655 
4 76. 13990933 
19876.01470588 
STD ERROR 
0.00,21763 
14.70698288 
R SQUARE= 0.97604450 
C(P) = 3.00000000 
MEAN SQUARE 
9699.93739827 
7.32522937 
TYPE II SS 
602 1 . 46048351 
177.97579608 
F 
1324.18 
F 
822.02 
24.30 
THE ABOVE MODEL IS THE BEST 2 VARIABLE MODEL FOUND. 
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PROB>F 
0.0001 
PROB>F 
0.0001 
0.0001 
. , 
SAS 10: 18 FRIDAY, AUGUST 30, 1985 39 
STEP 1 
REGRESSION 
ERROR 
TOTAL 
MAXIMUM R-SQUARE IMPROVEMENT FOR DEPENDENT VARIABLE CVNFIN 
VARIABLE LNP4 ENTERED R SQUARE= 0.90957306 
C(P) = 13.55016966 
OF 
1 
66 
67 
B VALUE 
SUM OF SQUARES MEAN SQUARE 
51331.09994755 51331.09994755 
5103.17946422 77.32090097 
56434.27941176 
STD ERROR TYPE II SS 
47.95435021 51331.09994755 
F 
663.87 
F 
663.87 
PROB>F 
0.0001 
PROB>F 
0.0001 INTERCEPT -12064.98864103 LNP4 1235.57707822 
--------------------------------------------------------------------------------
THE ABOVE MODEL IS THE BEST 1 VARIABLE MODEL FOUND. 
STEP 2 VARIABLES ENTERED R SQUARE= 0.91613565 C(P) = 9.92208831 
REGRESSION 
ERROR 
TOTAL 
OF 
2 
65 
67 
B VALUE 
INTERCEPT -12252.95714453 
LNP4 1255.84025892 
SUM OF SQUARES MEAN SQUARE 
51701.45515452 25850.72757726 
4732.82425725 72.81268088 
56434.27941176 
STD ERROR TYPE II SS 
47.39476600 51122.85005796 
638.56659565 370.35520697 
F 
355.03 
F 
702. 11 
5.09 
PROB>F 
0.0001 
PROB>F 
0.0001 
0.0275 S -1440. 16387502 
--------------------------------------------------------------------------------
THE ABOVE MODEL IS THE BEST 2 VARIABLE MODEL FOUND. 
STEP 3 
REGRESSION 
ERROR 
·TOTAL 
INTERCEPT 
LNP4 
s 
VARIABLE INC ENTERED R SQUARE= 0.91891440 
C(P) = 9.53903006 
OF 
3 
64 
67 
8 VALUE 
-11481 .47676942 
1175.87924062 
-1820.50197759 
SUM OF SQUARES MEAN SQUARE 
51858.27201261 17286.09067087 
4576.00739916 71.50011561 
56434.27941176 
STD ERROR 
71. 56106899 
682.91473879 
3.16117072 
TYPE II SS 
19305.38875806 
508 . 10805807 
156.81685809 
F 
241 . 76 
F 
270.01/ 
7 . 1 1 
2. 19 
PROB>F 
0.0001 
PROB>F 
0.0001 
0.0097 
0. 1435 
INC 
--------------------------------------------------------------·------------------
4.68156387 
THE ABOVE MODEL IS THE BEST 3 VARIABLE MODEL FOUND . 
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SAS 10:18 FRIDAY, AUGUST 30, 1985 40 
STEP 4 
REGRESSION 
ERROR 
TOTAL 
INTERCEPT 
LNP4 
s 
INC 
INP 
MAXIMUM R-SQUARE IMPROVEMENT FOR DEPENDENT VARIABLE CVNFIN 
VARIABLE INP ENTERED R SQUARE= 0.92279573 C(P) = 8.21039718 
OF 
4 
63 
67 
B VALUE 
-10641. 62405432 
1088.47567670 
- 1441 . 14 3208 13 
6.79807984 
0.05467897 
SUM OF SQUARES MEAN SQUARE 
52077.31229368 13019.32807342 
4356.96711808 69.15820822 
56434.27941176 
STD ERROR 
85.82108338 
704.65247146 
3.32867241 
0.03072417 
TYPE II SS 
11124.82543240 
289.27310188 
288.45239063 
219.04028107 
F 
188.25 
F 
160.86 
4. 18 
4. 17 
3. 17 
PROB>F 
0.0001 
PROB>F 
0.0001 
0.0450 
0.0453 
0.0800 
--------
--------
--------
--------
--------
--------
--------
--------
--------
--------
STEP 4 
REGRESSION 
ERROR 
TOTAL 
INTERCEPT 
LNP4 
INC 
INCR 
!NP 
S REPLACED BY INCR R SQUARE= 0.92490620 C(P) = 6.40045764 
OF 
4 
63 
67 
8 VALUE 
-9819.08053208 
1015.17360294 
7.64720423 
-209.35929585 
0.08171659 
SUM OF SQUARES MEAN SQUARE 
52196.41514440 13049.10378610 
4237.86426737 67.26768678 
56434. 27941176 
STD ERROR 
88.71166663 
3.34157521 
84.96996030 
0.02906488 
TYPE II SS 
8808.98051622 
352.29736186 
408.37595259 
531.72848709 
F 
193.99 
F 
130.95 
5.24 
6.07 
7.90 
PROB>F 
0.0001 
PROB>F 
0.0001 
0.0255 
0.0165 
0.0066 
--------
--------
--------
--------
--------
--------
--------
--------
--------
--------
THE ABOVE MODEL I~ THE BEST 4 VARIABLE MODEL FOUND. 
STEP 5 
REGRESSION 
ERROR 
TOTAL 
INTERCEPT 
LNP4 
s 
INC 
INCR 
INP 
VARIABLES ENTERED R SQUARE= 0.92770524 
C(P) = 6.00000000 
OF 
5 
62 
67 
B VALUE 
-9982.56084174 
1030.74678616 
-1096.31632820 
8.45748094 
-177.52496991 
0.06603545 
SUM OF SQUARES MEAN SQUARE 
52354.37696689 10470.87539338 
4079.90244487 65.80487814 
56434. 27941176 
STD ERROR 
88.31565982 
707.60168616 
3.34616423 
86.51629539 
0.03047679 
TYPE II SS 
8963.68594400 
157.96182249 
420.38347934 
277.06467321 
308.93981866 
F 
159. 12 
F 
136.22 
2.40 
6.39 
4.21 
4.69 
PROB>F 
0.0001 
PROB>F 
0.0001 
0. 1264 
0.0141 
0.0444 
0.0341 
--------
--------
--------
--------
--------
--------
--------
--------
--------
--------
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APPENDIX D 
Regression Equation Computer Printouts 
from Equations in Table 20 
Optimization Printouts for Results 
Shown in Table 21 
139 
SAS 3 
17:06 WEDNESDAY, AUGUST 28, 1985 
WARNING: 
STEP 1 
REGRESSION 
ERROR 
TOTAL 
MAXIMUM R-SQUARE IMPROVEMENT FOR DEPENDENT VARIABLE CVNFIN 
1 OBSERVATIONS DELETED DUE TO MISSING VALUES. 
VARIABLE P4 ENTERED R SQUARE= 0.87636886 
C(P) = 23.21853039 
DF 
1 
91 
92 
B VALUE 
SUM OF SQUARES MEAN SQUARE 
63713.39160532 63713.39160532 
8988.17828715 98.77118997 
72701. 5698924 7 
STD ERROR TYPE II SS 
0.00258672 63713.39160532 
F 
645.06 
F 
645.06 
.. 
PROB>F 
0.0001 
PROB>F 
0.0001 INTERCEPT -1141.85898807 P4 0.06569765 
--------------------------------------------------------------------------------
THE ABOVE MODEL IS THE BEST 1 VARIABLE MODEL FOUND. 
STEP 2 
REGRESSION 
ERROR 
TOTAL 
INTERCEPT 
P4 
VARIABLES ENTERED R SQUARE= 0.89140414 C(P) = 11.57117952 
OF 
2 
90 
92 
B VALUE 
-1143.37886158 
0.06661860 
-2012.70127345 
SUM OF SQUARES MEAN SQUARE 
64806.48044114 32403.24022057 
7895.08945133 87.72321613 
72701.56989247 
STD ERROR 
0.00245169 
570.17591054 
TYPE II SS 
64770.31938170 
I 1093.08883582 
F 
369.38 
F 
738.35 
12.46 
PROB>F 
0.0001 
PROB>F 
0.0001 
0.0007 
s 
--------------------------------------------------------------------------------
THE ABOVE MODEL IS THE BEST 2 VARIABLE MODEL FOUND. 
STEP 3 
REGRESSION 
ERROR 
TOTAL 
INTERCEPT 
P4 
s 
VARIABLE CR ENTERED R SQUARE= 0.89692220 C(P) = 8.56249841 
OF 
3 
89 
92 
B VALUE 
-1224.89321222 
0.06650556 
-1933.64822163 
47.86148780 
SUM OF SQUARES MEAN SQUA~E 
65207.65232136 21735.88410712 
7493.91757112 84.20132102 
72701. 56989247 
STD ERROR 
0.00240252 
559.78582165 
21. 92706002 
TYPE II SS 
64520. 7 1181020 
1004.68531041 
401 . 17 188022 
F 
258. 14 
F 
766.27 
11. 93 
4.76 
PROB>F 
0.0001 
PROB>F 
0.0001 
0.0008 
0.0317 
CR 
--------------------------------------------------------------------~------------
THE ABOVE MODEL IS THE BEST 3 VARIABLE MODEL FOUND. 
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SAS 4 
17:06 WEDNESDAY, AUGUST 28, 1985 
MAXIMUM R-SQUARE IMPROVEMENT FOR DEPENDENT VARIABLE CVNFIN 
STEP 4 
REGRESSION 
ERROR 
TOTAL 
INTERCEPT 
P4 
s 
C 
CR 
VARIABLE CENTERED 
OF 
4 
88 
92 
B VALUE 
-1102. 06229360 
0.06080571 
-2254. 18259212 
-99.20169963 
S5. 18327926 
SUM OF SQUARES 
65550.30157999 
7151 . 26831248 
72701. 56989247 
STD ERROR 
0.00364361 
571.66175555 
48.31082068 
2 1 . 83437843 
R SQUARE= 0.90163530 
C( p) = 6.28447955 
MEAN SQUARE 
16387.57539500 
81.26441264 
TYPE II SS 
22632. 16330747 
1263.57291069 
342.64925863 
519.07934041 
F 
201. 66 
F 
278.50 
15.55 
4.22 
6.39 
THE ABOVE MODEL IS THE BEST 4 VARIABLE MODEL FOUND. 
STEP 5 
REGRESSION 
ERROR 
TOTAL 
INTERCEPT 
P4 
s 
C 
CR 
p 
VARIABLE P ENTERED 
OF 
5 
87 
92 
B VALUE 
-1050.69240409 
0.05913009 
-2003.81788548 
-107.52737375 
48.93312956 
-1400.27735906 
SUM OF SQUARES 
65804.17607235 
6897.39382013 
72701. 56989247 
STD ERROR 
0.00371868 
581.71573721 
47.94371801 
21.84719294 
782.50553519 
R SQUARE= 0.90512731 
C(P) = 5.11482475 
MEAN SQUARE 
13160.83521447 
79.28038874 
-.. TYPE I I SS 
~ 
20044.99744891 
940.72057405 
398.78648162 
397.72278088 
253.87449236 
F 
166.00 
F 
252.84 
11 . 8 7 
5.03 
5.02 
3. 20 
PROB>F 
0.0001 
PROB>F 
0.0001 
0.0002 
0.0430 
0.0133 
PROB>F 
0.0001 
PROB>F 
0.0001 
0.0009 
0.0275 
0.0277 
0.0770 
---------------------------
---------------------------
-------------~-·-----------
THE ABOVE MODEL IS THE BEST 5 VARIABLE MODEL FOUND. 
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STEP 6 
REGRESSION 
ERROR 
TOTAL 
INTERCEPT 
P4 
NORMP 
s 
C 
CR 
p 
SAS 5 
17:06 WEDNESDAY, AUGUST 28, 1985 
MAXIMUM R-SOUARE IMPROVEMENT FOR DEPENDENT VARIABLE CVNFIN 
VARIABLE NORMP ENTERED 
DF 
6 
86 
92 
B VALUE 
-1056.67082655 
0.05929738 
-o.001164 76 
-1981.06769387 
-103. 15627253 
52.60716785 
-1507.17371119 
SUM OF SQUARES 
65813.37299660 
6888 . 1968958 7 
72701.56989247 
STD ERROR 
0.00377020 
0.00343731 
588.53974778 
49.88611742 
24.49007795 
847.42214826 
R SQUARE= 0.90525381 
C(P) = 7.00000000 
MEAN SQUARE 
10968.89549943 
80.09531274 
TYPE II SS 
19812.92066855 
9. 19692425 
907.51567583 
342.48296453 
369.58693502 
253.35769607 
F 
136.95 
F 
247.37 
0. 11 
11 . 33 
4.28 
4.61 
3. 16 
PROB>F 
0.0001 
PROB>F 
0.0001 
0.7-355 
0.0011 
0.0417 
0.0345 
0.0788 
--------------------------
--------------------------
--------------------------
--
THE ABOVE MODEL IS THE BEST 6 VARIABLE MODEL FOUND. 
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SAS 15 
17:06 WEDNESDAY, AUGUST 28, 1985 
STEP 1 
REGRESSION 
ERROR 
TOTAL 
INTERCEPT 
P4 
MAXIMUM R-SQUARE IMPROVEMENT FOR DEPENDENT VARIABLE RIMYSFIN 
VARIABLE P4 ENTERED R SQUARE= 0.94696908 
C(P) = 4.13913237 
DF 
1 
92 
93 
B VALUE 
854.80768883 
-0.03895938 
SUM OF SQUARES MEAN SQUARE 
22405.55335078 22405.55335078 
1254.72636518 13.63833006 
23660.27971596 
STD ERROR TYPE II SS 
0.00096120 22405.55335078 
F 
1642.84 
F 
1642.84 
PROB>F 
0.0001 
PROB>F 
0.0001 
--------------------------
--------------------------
--------------------------
--
THE ABOVE MODEL IS THE BEST 1 VARIABLE MODEL FOUND. 
STEP 2 
REGRESSION 
ERROR 
TOTAL 
INTERCEPT 
P4 
C 
• 
VARIABLE CENTERED 
OF 
2 
91 
93 
8 VALUE 
803.85186896 
-0.03676560 
37.30362135 
SUM OF SQUARES 
22460.59367599 
1199.68603997 
23660.27971596 
STD ERROR 
0.00143032 
18.25675574 
R SQUARE= 0.94929536 
C( p) = 2.00958779 
MEAN SQUARE 
11230.29683800 
13. 18336308 
TYPE II SS 
8710.44257067 
55.04032521 
F 
851 . 85 
F 
660.71 
4. 17 
THE ABOVE MODEL IS THE BEST 2 VARIABLE MODEL FOUND. 
STEP 3 
REGRESSION 
ERROR 
TOTAL 
INTERCEPT 
P4 
C 
CR 
VARIABLE CR ENTERED 
OF 
3 
90 
93 
B VALUE 
804.94092207 
-0.03674947 
37.55527765 
-0.83989498 
SUM OF SQUARES 
22460.72146616 
1199.55824980 
23660.27971596 
STD ERROR 
0.00144757 
18.53596596 
8.57759775 
R SQUARE= 0.94930076 
C(P) = 4.00000000 
MEAN SQUARE 
7486.90715539 
13.32842500 
TYPE II SS 
8590. 18089950 
54.71297630 
0. 12779017 
F 
56 1 . 7 2 
F 
644.50 
4. 10 
0.01 
THE ABOVE MODEL IS THE BEST 3 VARIABLE MODEL FOUND. 
143 
PROB>F 
0.0001 
PROB>F 
0.0001 
0.0439 
PROB>F 
0.0001 
PROB>F 
0.0001 
0.0457 
0.9222 
• 
FILE: FILE SYSPRINT A1 TECHNICAL COMPUTING CENTER 
1MPSX/370 R1.6 PTF9 MPSCL COMPILATION 
0 0001 PROGRAM 
0002 INITIALZ 
0210 TITLE('OPTIMIZATION OF ROTOR DISCS') 
0211 MOVE(XDATA,'QUACK') 
0212 MOVE(XPBNAME,'DOIT') 
0213 CONVERT 
0214 MOVE(XBOUNO,'LIMITS') 
0215 BCDOUT 
0216 SETUP 
0217 MOVE(XOBJ,'CVNFIN') 
0218 MOVE(XRHS,'CONSTANT') 
0219 OPTIMIZE 
0418 SOLUTION 
0419 EXIT 
0420 PEND 
1MPSX/370 R1.6 PTF9 MPSCL EXECUTION 
0 DPL122 DPLPROCM MODULE MUST NOT BE LOADED AT AN ADDRESS LOWER THAN 023620 
1MPSX/370 R1.6 PTF9 OPTIMIZATION OF ROTOR DISCS 
OCONVERT QUACK TO DOIT 
OTIME = 0.00 
01- ROWS SECTION. 
0 MINOR ERROR(S) -
02- COLUMNS SECTION. 
0 MINOR ERROR(S) -
03- RHS SECTION. 
0 CONSTANT 
0 0 MINOR ERROR(S) -
05- BOUNDS SECTION. 
0 LIMITS 
0 0 MINOR ERROR(S) -
I 
0 MAJOR ERROR(S). 
0 MAJOR ERROR(S). 
0 MAJOR ERROR(S). 
0 MAJOR ERROR(S). 
0 PROBLEM STATISTICS 
O 2 LP ROWS 8 VARIABLES 11 LP ELEMENTS DENSITY= 68.75 
0 THESE STATISTICS CONTAIN ONE SLACK VARIABLE FOR EACH ROW 
0 0 MINOR ERRORS, 0 MAJOR ERRORS. 
- THERE ARE 48 EMPTY BLOCKS STILL AVAILABLE ON PROBFILE 
OBCDOUT - USING DOIT 
OTIME = 0.00 
1MPSX/370 R1.6 PTF9 OPTIMIZATION OF ROTOR DISCS 
ON AME QUACK 
ROWS 
N CVNFIN 
E VS 
COLUMNS 
P4 
RHS 
C 
CR 
NORMP 
s 
p 
CVNFIN 
CVNFIN 
CVNFIN 
CVNFIN 
CVNFIN 
CVNFIN 
CONSTANT VS 
BOUNDS 
LO LIMITS P4 
UP LIMITS P4 
.05930 
103. 15627 
52.60717 
.00116 
1981. 06770 
1507. 17370 
vs 
vs 
vs 
.03675 
37.55528 
.83989 
719.94092 - Set for 85 ksi yield strength 
17612.81700 
20637.96200 
144 
FILE: FILE SVSPRINT A1 TECHNICAL COMPUTING CENTER 
LO LIMITS 
UP LIMITS 
LO LIMITS 
UP LIMITS 
FX LIMITS 
LO LIMITS 
UP LIMITS 
LO LIMITS 
UP LIMITS 
C 
C 
CR 
CR 
NORMP 
s 
s 
p 
p 
. 10000 
.35000 
1. 50000 
2.00000 
3475.00000 
.00500 
.01500 
.00500 
.01200 
ENDATA 
1MPSX/370 R1.6 PTF9 OPTIMIZATION OF ROTOR DISCS 
OSETUP DOIT 
OTIME = 0.00 
0 SCALE 
BOUND - LIMITS 
- 1 MATRIX FILE 
2 ETA FILES 
2 SCRATCH FILES 
0 XPRICE = 0 
0 ..... POOLS ..... NUMBER SIZE TOTAL 
0 
BASIC ARRAYS 
WORK REGIONS 
SPILL ARRAYS 
ETA BUFFERS 
MATRIX BUFFERS 
..... TOTAL ..... 
12 
1 
6 
2 
TOTAL 
ROWS (LOG. VAR. ) 2 
104 
2272 
8192 
2048 
576 
1248 
2272 
49152 
4096 
57344 
NORMAL .FREE. 
0 1 
FIXED BOUNDED 
1 0 
1 5 
0 
0 
COLUMNS (STR.VAR.) 6 
11 ELEMENTS - DENSITY -
0 0 
68.75 - 1 MATRIX RECORDS (WITHOUT RHS'S) 
0 OPTIMIZE MACRO CALLED 
-CRASH TIME 0.00 MINS. 
0 CHERCHE 
INFEASIBILITIES 1 AT START 
0 AFTER CHERCHE 3 SELECTED STRUCTURALS 
FEASIBLE 
-PRIMAL OBJ= CVNFIN RHS = CONSTANT 
OTIME = 0.00 MINS. PRICING - 5 
SCALE= 1.00000 
0 ITER VECTOR 
NUMBER OUT 
M 4 5 
5 4 
VECTOR REDUCED 
IN COST 
5 .80081-
4 . ()8312 
NUMBER 
NONOPT 
2 
FUNCTION 
VALUE 
1227.7856-
1238.4253-
OPTIMAL SOLUTION 
1MPSX/370 R1.6 PTF9 OPTIMIZATION OF ROTOR DISCS 
0 XOOOPT DEMAND SET 
OSAVE - TIME 0.00 
NUMBER 
INFEAS 
0 
0 
0 NAME -
- THERE ARE 47 EMPTY BLOCKS STILL AVAILABLE ON PROBFILE 
1MPSX/370 R1.6 PTF9 OPTIMIZATION OF ROTOR DISCS 
OSOLUTION (OPTIMAL) 
OTIME = 0.00 MINS. ITERATION NUMBER= 
... NAME . . . . .. ACT IV I TV ..• 
0 FUNCTIONAL 1238.42530-
145 
5 
DEFINED AS 
CVNFIN 
SUM 
INFEAS 
t,---A 
+' 
(J'\ 
FILE: FILE SYSPRINT A1 TECHNICAL COMPUTING CENTER 
RESTRAINTS CONSTANT 
BOUNDS .... LIMITS 
1MPSX/370 R1.6 PTF9 OPTIMIZATION OF ROTOR DISCS 
OSECTION 1 - ROWS 
- NUMBER ... ROW .. AT ... ACTIVITY ... SLACK ACTIVITY . . LOWER LIMIT. .. UPPER LIMIT . .DUAL ACTIVITY 
0 1 CVNFIN BS 1238.42530- 1238.42530 NONE NONE 1 .00000 
2 vs EQ 719.94092- 719.94092- 719.94092- 1.61356-
1MPSX/370 R1.6 PTF9 OPTIMIZATION OF ROTOR DISCS 
OSECTION 2 - COLUMNS 
- NUMBER .COLUMNS AT ... ACTIVITY ... . . INPUT COST .. . . LOWER LIMIT. . .UPPER LIMIT . . REDUCED COST. 
0 3 P4 BS 19646.99512 .05930- 17612.81700 20637.96200 
4 C LL . 10000 103. 15627 . 10000 .35000 42.55867 
5 CR UL 2.00000 52.60717- 1.50000 2.00000 51.25195-
6 NORMP EQ 3475.00000 .00116 3475.00000 3475.00000 . 00116 
7 s LL .00500 1981. 06770 .00500 .01500 1981. 06770 
8 p LL .00500 1507. 17370 .00500 .01200 1507. 17370 
1MPSX/370 R1.6 PTF9 OPTIMIZATION OF ROTOR DISCS 
OEXIT - TIME= 0.00 
To obtain predicted CVNFIN, add 1056.67 to -1238.425 and 
take the negative of that sum (181.755 ft-lbs). 
FILf:: FILE SYSPRINT A1 TECHNICAL COMPUTING CENTER 
1MPSX/370 R1.6 PTF9 MPSCL COMPILATION 
0 0001 PROGRAM 
0002 INITIALZ • 
0210 TITLE('OPTIMIZATION OF ROTOR DISCS') 
0211 MOVE(XDATA,'QUACK') 
0212 MOVE(XPBNAME,'DOIT') 
0213 CONVERT 
0214 MOVE(XBOUND,'LIMITS') 
0215 BCDOUT 
0216 SETUP 
0217 MOVE(XOBv,'CVNFIN') 
0218 MOVE(XRHS,'CONSTANT') 
0219 OPTIMIZE 
0418 SOLUTION 
0419 EXIT 
0420 PEND 
1MPSX/370 R1.6 PTF9 MPSCL EXECUTION 
O DPL122 DPLPROCM MODULE MUST NOT BE LOADED AT AN ADDRESS LOWER THAN 023620 
1MPSX/370 R1.6 PTF9 OPTIMIZATION OF ROTOR DISCS 
OCONVERT QUACK TO DOIT 
OTIME = 0.00 
01- ROWS SECTION. 
0 MINOR ERROR(S) - 0 MAJOR ERROR(S). 
02- COLUMNS SECTION. 
0 MINOR ERROR(S) -
03- RHS SECTION. 
0 CONSTANT 
0 0 MINOR ERROR(S) -
05- BOUNDS SECTION. 
0 LIMITS 
0 MAJOR ERROR(S). 
0 MAJOR ERROR(S). 
0 0 MINOR ERROR(S) - 0 MAJOR ERROR(S). 
0 PROBLEM STATISTICS 
0 2 LP ROWS 8 VARIABLES 11 LP ELEMENTS DENSITY= 68.75 
0 THESE STATISTICS CONTAIN ONE SLACK VARIABLE FOR EACH ROW 
0 0 MINOR ERRORS, 0 MAJOR ERRORS. 
- THERE ARE 48 EMPTY BLOCKS STILL AVAILABLE ON PROBFILE 
OBCDOUT - USING DOIT 
OTIME = 0.00 
1MPSX/370 R1.6 PTF9 OPTIMIZATION OF ROTOR DISCS 
ONA ME QUACK 
ROWS 
N CVNFIN 
E VS 
COLUMNS 
P4 
RHS 
C 
CR 
NORMP 
s 
p 
CVNFIN 
CVNFIN 
CVNFIN 
CVNFIN 
CVNFIN 
CVNFIN 
CONSTANT VS 
BOUNDS 
LO LIMITS P4 
UP LIMITS P4 
.05930 
103. 15627 
52.60717 
. 00116 
1981. 06770 
1507.17370 
vs 
VS 
vs 
.03675 
37.55528 
.83989 
709.94092 - Set for 95 ksi yield strength 
17612.81700 
20637.96200 
147 
FILE: FILE SYSPRINT A1 TECHNICAL COMPUTING CENTER 
LO LIMITS 
UP LIMITS 
LO LIMITS 
UP LIMITS 
FX LIMITS 
LO LIMITS 
UP LIMITS 
LO LIMITS 
UP LIMITS 
ENDATA 
1MPSX/370 R1 .6 
OSETUP DOIT 
OTIME = 0.00 
0 SCALE 
C 
C 
CR 
CR 
NORMP 
s 
s 
p 
p 
PTF9 
. 10000 
.35000 
1. 50000 
2.00000 
3475.00000 
.00500 
.01500 
.00500 
.01200 
OPTIMIZATION OF ROTOR DISCS 
BOUND = LIMITS 
- 1 MATRIX FILE 
2 ETA FILES 
2 SCRATCH FILES 
0 XPRICE = 0 
0 ..... POOLS ..... 
0 
BASIC ARRAYS 
WORK REGIONS 
SPILL ARRAYS 
ETA BUFFERS 
MATRIX BUFFERS 
..... TOTAL ..... 
NUMBER SIZE TOTAL 
576 
1248 
2272 
49152 
4096 
57344 
12 
1 
6 
2 
TOTAL 
104 
2272 
8192 
2048 
NORMAL .FREE. FIXED BOUNDED 
ROWS (LOG.VAR.) 2 0 1 1 0 
• 
0 
0 
COLUMNS (STR.VAR.) 6 
11 ELEMENTS - DENSITY= 
0 p 1 5 
68.75 - 1 MATRIX RECORDS (WITHOUT RHS'S) 
0 OPTIMIZE MACRO CALLED 
-CRASH TIME 0.00 MINS. 
0 CHERCHE 
INFEASIBILITIES 1 AT START 
0 AFTER CHERCHE 3 SELECTED STRUCTURALS 
FEASIBLE 
-PRIMAL 
OTIME = 
SCALE= 
OBJ= CVNFIN RHS = CONSTANT 
0.00 MINS. PRICING= 5 
0 ITER 
NUMBER 
M 4 
1. 00000 
VECTOR 
OUT 
5 
5 4 
OPTIMAL SOLUTION 
VECTOR REDUCED 
IN COST 
5 .80081-
4 . 08312 
NUMBER 
NONOPT 
2 
FUNCTION 
VALUE 
12 11 . 6501-
1222. 2897-
1MPSX/370 R1.6 PTF9 OPTIMIZATION OF ROTOR DISCS 
0 XDOOPT DEMAND SET 
OSAVE - TIME 0.00 
NUMBER 
INFEAS 
0 
0 
0 NAME = 
- THERE ARE 47 EMPTY BLOCKS STILL AVAILABLE ON PROBFILE 
1MPSX/370 R1.6 PTF9 OPTIMIZATION OF ROTOR DISCS 
OSOLUTION (OPTIMAL) 
OTIME = 0.00 MINS. ITERATION NUMBER= 
... NAME... . .. ACTIVITY ... 
0 FUNCTIONAL 1222.28972-
148 
5 
DEFINED AS 
CVNFIN 
-,,· -
SUM 
INFEAS 
FILE: FILE SYSPRINT A1 TECHNICAL COMPUTING CENTER 
RESTRAINTS CONSTANT 
BOUNDS .... LIMITS 
1MPSX/370 R1.6 PTF9 OPTIMIZATION OF ROTOR DISCS 
OSECTION 1 - ROWS 
- NUMBER ... ROW . . AT . . . ACTIVITY ... SLACK ACTIVITY .. LOWER LIMIT. . .UPPER LIMIT . .DUAL ACTIVITY 
0 1 CVNFIN BS 1222.28972- 122:2.28972 NONE NONE 1 .00000 
:2 vs EQ 709.94092- 709.94092- 709.94092- 1.61356-
1MPSX/370 R1.6 PTF9 OPTIMIZATION OF ROTOR DISCS 
OSECTION 2 - COLUMNS 
- NUMBER .COLUMNS AT . . . ACTIVITY ... .. INPUT COST .. .. LOWER LIMIT . . .UPPER LIMIT . . REDUCED COST . 
0 3 P4 BS 19374.88235 .05930- 17612.81700 20637.96200 
4 C LL . 10000 103. 15627 . 10000 .35000 42.55867 
5 CR UL 2.00000· 52.60717- 1.50000 2.00000 51.25195-
f-J 6 NORMP EQ 3475.00000 . 00116 3475.00000 3475.00000 .00116 
+' 7 s LL .00500 1981. 06770 .00500 .01500 1981. 06770 \.0 
8 p LL .00500 1507.17370 .00500 .01200 1507.17370 
1MPSX/370 R1.6 PTF9 OPTIMIZATION OF ROTOR DISCS 
OEXIT - TIME= 0.00 
FILE: FILE SYSPRINT A1 TECHNICAL COMPUTING CENTER 
1MPSX/370 R1.6 PTF9 MPSCL COMPILATION 
0 0001 PROGRAM 
0002 INITIALZ 
0210 TITLE('OPTIMIZATION OF ROTOR DISCS') 
' \ j 02 11 MOVE ( XDA TA, 'QUACK' ) 
,_____ ~; 0212 MOVE ( XPBNAME, 'DO IT' ) 
( . 213 CONVERT ,, /·\o 14 MOVE(XBOUND, 'LIMITS') 
0 15 BCDOUT 
0 16 SETUP 
0 17 MOVE(XOBJ,'CVNFIN') 
0218 MOVE(XRHS,'CONSTANT') 
0219 OPTIMIZE 
0418 SOLUTION 
0419 EXIT 
0420 PEND 
1MPSX/370 R,.6 PTF9 MPSCL EXECUTION 
•O DPL122 DPLPROCM MODULE MUSJ NOT BE LOADED AT AN ADDRESS LOWER THAN 023620 
1MPSX/370 R1.6 PTF9 OPTIMIZATION OF ROTOR DISCS 
OCONVERT QUACK TO DOIT 
OTIME = 0.00 
01- ROWS SECTION. 
0 MINOR ERROR(S) -
02- COLUMNS SECTION. 
0 MINOR ERROR(S) -
03- RHS SECTION. 
0 CONSTANT 
0 0 MINOR ERROR(S) -
05- BOUNDS SECTION. 
0 LIMITS 
0 MAJOR ERROR(S). 
0 MAJOR ERROR(S). 
0 MAJOR ERROR(S). 
0 MAJOR ERROR(S). 0 0 MINOR ERROR(S) -
0 PROBLEM STATISTICS 
0 2 LP ROWS 8 VARIABLES 11 LP EL.EMENTS DENSITY = 68. 75 
0 THESE STATISTICS CONTAIN ONE SLACK VARIABLE FOR EACH ROW 
0 0 MINOR ERRORS, 0 MAJOR ERRORS. 
- THERE ARE 48 EMPTY BLOCKS STILL AVAILABLE ON PROBFILE 
OBCDOUT - USING DOIT 
OTIME = 0.00 
1MPSX/370 R1.6 PTF9 OPTIMIZATION OF ROTOR DISCS 
ON AME QUACK 
ROWS 
N CVNFIN 
E VS . 
COLUMNS 
P4 
RHS 
C 
CR 
NORMP 
s 
p 
CVNFIN 
CVNFIN 
CVNFIN 
CVNFIN 
CVNFIN 
CVNFIN 
CONSTANT VS 
BOUNDS 
LO LIMITS P4 
UP LIMITS P4 
:~:.-·,r,. 
.05930 
103.15627 
52.60717 
.00116 
1981. 06770 
1507.17370 
vs 
vs 
vs 
.03675 
37.55528 
.83989 
699.94092 - Set for 105 ksi yield strength 
1761~.81700 
20637.96200 
150 
<l 
FILE: FILE SYSPRINT A1 TECHNICAL COMPUTING CENTER 
LO LIMITS 
UP LIMITS 
LO LIMITS 
UP LIMITS 
FX LIMITS 
LO LIMITS 
UP LIMITS 
LO LIMITS 
UP LIMITS 
ENDATA 
C 
C 
CR 
CR 
NORMP 
s 
s 
p 
p 
. 10000 
.35000 
1.50000 
2.00000 
3475.00000 
.00500 
.01500 
.00500 
.01200 
1MPSX/370 R1.6 PTF9 OPTIMIZATION OF ROTOR DISCS 
OSETUP DOIT 
OTIME = 0.00 
0 SCALE 
BOUND = LIMITS 
- 1 MATRIX FILE 
2 ETA FILES 
2 SCRATCH FILES 
0 XPRICE = 0 
0 ..... POOLS ..... 
0 
0 
0 
BASIC ARRAYS 
WORK REGIONS 
SPILL ARRAYS 
ETA BUFFERS 
MATRIX BUFFERS 
..... TOTAL ..... 
ROWS (LOG.VAR.) 
COLUMNS (STR.VAR.) 
11 ELEMENTS 
NUMBER SIZE TOTAL 
12 
1 
6 
2 
TOTAL 
2 
104 
2272 
8192 
2048 
576 
1248 
2272 
49152 
4096 
57344 
NORMAL .FREE. 
0 1 
6 
DtNSitY -
0 0 
GB.75 1 
0 OPTIMIZE MACRO CALLED 
-CRASH TIME 0.00 MINS. 
0 CHERCHE 
INFEASIBILITIES 1 AT START 
FIXED 
1 
1 
MATRIX 
• 
BOUNDED 
0 
5 
RECORDS (WITHOUT RHS'S) 
0 AFTER CHERCHE 
FEASIBLE 
2 SELECTED STRUCTURALS 
-PRIMAL OBJ= CVNFIN RHS = CONSTANT 
OTIME = 0.00 MINS. PRICING= 5 
SCALE= 1.00000 
OPTIMAL SOLUTION 
0 XDOOPT DEMAND SET 
OSAVE - TIME 0.00 
0 NAME = 
1MPSX/370 R1.6 PTF9 OPTIMIZATION OF ROTOR DISCS 
0 THERE ARE 47 EMPTY BLOCKS STILL AVAILABLE ON PROBFILE 
1MPSX/370 R1.6 PTF9 OPTIMIZATION OF ROTOR DISCS 
. 
OSOLUTION (OPTIMAL) 
OTIME - 0.00 MINS. ITERATION NUMBER= 
... NAME... . .. ACTIVITY ... 
0 FUNCTIONAL 1206.15415-
RESTRAINTS 
BOUNDS .... 
1MPSX/370 R1.6 PTF9 OPTIMIZATION OF ROTOR 
OSECTION 1 - ROWS 
151 
2 
DEFINED AS 
CVNFIN 
CONSTANT 
LIMITS 
DISCS 
FILE: FILE SYSPRINT A1 TECHNICAL COMPUTING CENTER 
- NUMBER ... ROW . . AT . . . ACTIVITY ... SLACK ACTIVITY . .LOWER LIMIT. .. UPPER LIMIT . 
.DUAL ACTIVITY 
0 1 CVNFIN BS 1206 . 154 15- 1206. 15415 NONE 
NONE 1. 00000 
2 vs EQ 699.94092- 699.94092- 699.94092- 1.61356-
1MPSX/370 R1.6 PTF9 OPTIMIZATION OF ROTOR DISCS 
1--' 
OSECTION 2 - COLUMNS 
l/1 - NUMBER .COLUMNS AT . . . ACTIVITY ... . . INPUT .COST .. . .LOWER 
LIMIT . .. UPPER LIMIT . .REDUCED COST. 
N 0 3 P4 BS 19102.76959 .05930- 17612.81700 20
637.96200 
4 C LL . 10000 103.15627 . 10000 .35000 
42.55867 
5 CR UL 2.00000 52.60717- 1.50000 2.00000 
51.25195-
6 NORMP EQ 3475.00000 .00116 3475.00000 3475.00000 . 00116 
1 s LL .00500 1981. 06770 .00500 .01500 
1981. 06770 
8 p LL .00500 1507. 17370 .00500 .01200 
1507.17370 
1MPSX/370 R1.6 PTF9 OPTIMIZATION OF ROTOR DISCS 
OEXIT - TIME= 0.00 
··~.: .. 
(I 
FILE: FILE SYSPRINT A1 TECHNICAL COMPUTING CENTER 
1MPSX/370 R1.6 PTF9 MPSCL COMPILATION 
0 0001 PROGRAM 
0002 INITIALZ 
0210 TITLE('OPTIMIZATION OF ROTOR DISCS') 
0211 MOVE(XDATA,'QUACK') 
0212 MOVE(XPBNAME,'DOIT') 
0213 CONVERT 
0214 MOVE(XBOUNO,'LIMITS') 
0215 BCOOUT 
0216 SETUP 
0217 MOVE(XOBJ,'CVNFIN') 
0218 MOVE(XRHS,'CONSTANT') 
0219 OPTIMIZE 
0418 SOLUTION 
0419 EXIT 
0420 PEND • 
1MPSX/370 R1.6 PTF9 MPSCL EXECUTION 
O DPL122 DPLPROCM MODULE MUST NOT BE LOADED AT AN ADDRESS LOWER THAN 023620 
1MPSX/370 R1.6 PTF9 OPTIMIZATION OF ROTOR DISCS 
OCONVERT QUACK TO DOIT 
OTIME = 0.00 
01- ROWS SECTION. 
0 MINOR ERROR(S) - 0 MAJOR ERROR(S). 
02- COLUMNS SECTION. 
0 MINOR ERROR(S) -
03- RHS SECTION. 
0 CONSTANT 
0 0 MINOR ERROR(S) -
05- BOUNDS SECTION. 
0 LIMITS 
0 MAJOR ERROR(S). 
0 MAJOR ERROR(S). 
0 0 MINOR ERROR(S) - 0 MAJOR ERROR(S). 
0 PROBLEM STATISTICS I 
0 2 LP ROWS 8 VARIABLES 11 LP ELEMENTS DENSITY= 68.75 
0 THESE STATISTICS CONTAIN ONE SLACK VARIABLE FOR EACH ROW 
0 0 MINOR ERRORS, 0 MAJOR ERRORS. 
- THERE ARE 48 EMPTY BLOCKS STILL AVAILABLE ON PROBFILE 
OBCDOUT - USING DOIT 
OTIME = 0.00 
1MPSX/370 R1.6 PTF9 OPTIMIZATION OF ROTOR DISCS 
ONA ME QUACK 
ROWS 
- N CVNF IN 
E VS 
COLUMNS 
P4 
RHS 
C 
CR 
NORMP 
s 
p 
CVNFIN 
CVNFIN 
CVNFIN 
CVNFIN 
CVNFIN 
CVNFIN 
CONSTANT VS 
BOUNDS 
LO LIMITS P4 
UP LIMITS P4 
.05930 
103.15627 
52.60717 
.00116 
1981. 06770 
1507. 17370 
689.94092 
17612.81700 
20637.96200 
153 
vs 
vs 
vs 
.03675 
37.55528 
.83989 
Set for 115 ksi yield strength 
FILE: FILE SYSPRINT A1 TECHNICAL COMPUTING CENTER 
LO LIMITS 
UP LIMITS 
LO LIMITS 
UP LIMITS 
FX LIMITS 
LO LIMITS 
UP LIMITS 
LO LIMITS 
UP LIMITS 
ENDATA 
C 
C 
CR 
CR 
NORMP 
s 
s 
p 
p 
. 10000 
.35000 
1. 50000 
2.00000 
3475.00000 
.00500 
.01500 
.00500 
.01200 
1MPSX/370 R1.6 PTF9 OPTIMIZATION OF ROTOR DISCS 
OSETUP DOIT 
CTIME = 0.00 
0 SCALE 
BOUND = LIMITS 
- 1 MATRIX FILE 
2 ETA FILES 
2 SCRATCH FILES 
0 XPRICE = 0 
0 ..... POOLS ..... NUMBER SIZE TOTAL 
576 
1248 
2272 
49152 
4096 
57344 
NORMAL .FREE. 0 
BASIC ARRAYS 
WORK REGIONS 
SPILL ARRAYS 
ETA BUFFERS 
MATRIX BUFFERS 
..... TOT AL ..... 
12 
1 
6 
2 
TOTAL 
ROWS (LOG.VAR.) 2 
104 
2272 
8192 
2048 
0 1 
0 0 
FIXED BOUNDED 
1 0 
1 5 
0 
0 
COLUMNS (STR.VAR.) 6 
11 ELEMENTS - DENSITY= 68.75 - 1 MATRIX RECORDS (WITHOUT RHS'S) 
0 OPTIMIZE MACRO CALLED 
-CRASH TIME 0.00 MINS. 
0 CHERCHE 
INFEASIBILITIES 1 AT START 
0 AFTER CHERCHE 
FEASIBLE 
2 SELECTED STRUCTURALS 
-PRIMAL OBJ= CVNFIN RHS = CONSTANT 
OTIME = 0.00 MINS. PRICING= 5 
SCALE = 1 . 00000 
OPTIMAL SOLUTION 
0 XDOOPT DEMAND SET 
OSAVE - TIME 0.00 
0 NAME -
1MPSX/370 R1.6 PTF9 OPTIMIZATION OF ROTOR DISCS 
0 THERE ARE 47 EMPTY BLOCKS STILL AVAILABLE ON PROBFILE 
1MPSX/370 R1.6 PTF9 OPTIMIZATION OF ROTOR DISCS 
OSOLUTION (OPTIMAL) 
OTIME = 0.00 MINS. ITERATION NUMBER= 
... NAME. . . . .. ACTIVITY ... 
0 FUNCTIONAL 1190.01857-
RESTRAINTS 
BOUNDS .... 
1MPSX/370 R1.6 PTF9 OPTIMIZATION OF ROTOR 
OSECTION 1 - ROWS 
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) 
2 
DEFINED AS 
CVNFIN 
CONSTANT 
LIMITS 
DISCS 
FILE: FILE SYSPRINT A1 TECHNICAL COMPUTING CENTER 
- NUMBER •.. ROW .. AT ... ACTIVITY ... SLACK ACTIVITY .. LOWER LIMIT. . . UPPER LIMIT . . DUAL ACTIVITY 
0 1 CVNFIN BS 1 190 . 0 18 5 7 - 1190.01857 NONE NONE 1 .00000 
2 YS EQ 689.94092- 689.94092- 689.94092- 1.61356-
1MPSX/370 R1.6 PTf9 OPTIMIZATION OF ROTOR DISCS 
OSECTION 2 - COLUMNS 
- NUMBER .COLUMNS AT ... ACTIVITY ... .. INPUT COST .. . .LOWER LIMIT. . .UPPER LIMIT . . REDUCED COST. 
~ 0 3 P4 BS 18830.65682 .05930- 17612.81700 20637.96200 
u, 4 C LL . 10000 103.15627 . 10000 .35000 42.55867 
l/1 5 CR UL 2.00000 52.60717- 1.50000 2.00000 51.25195-
6 f\lORMP EQ 3475.00000 .00116 3475.00000 3475.00000 .00116 
7 s LL .00500 1981 .06770 .00500 .01500 1981 .06770 
8 p LL .00500 1507.17370 .00500 .01200 1507. 17370 
1MPSX/370 R1.6 PTF9 OPTIMIZATION OF ROTOR DISCS 
OEXIT - TIME= 0.00 
FILE: FILE SYSPRINT A1 TECHNICAL COMPUTING CENTER 
1MPSX/370 R1.6 PTF9 MPSCL COMPILATION 
0 0001 PROGRAM 
0002 INITIALZ 
0210 TITLE('OPTIMIZATION OF ROTOR DISCS') 
0211 MOVE(XOATA,'QUACK') 
0212 MOVE(XPBNAME,'OOIT') 
0213 CONVERT 
0214 MOVE(XBOUNO,'LIMITS') 
0215 BCDOUT 
0216 SETUP 
0217 MOVE(XOBJ, 'CVNFIN') 
0218 MOVE(XRHS, 'CONSTANT') 
0219 OPTIMIZE 
0418 SOLUTION 
0419 EXIT 
0420 PEND 
1MPSX/370 R1.6 PTF9 MPSCL EXECUTION 
0 DPL122 DPLPROCM MODULE MUST NOT BE LOADED AT AN ADDRESS LOWER THAN 023620 
1~PSX/370 R1.6 PTF9 OPTIMIZATION OF ROTOR DISCS 
OCONVERT QUACK TO DOIT 
OTIME = 0.00 
01- ROWS SECTION. 
0 MINOR ERROR(S) -
02- COLUMNS SECTION. 
0 MINOR ERROR(S) -
03- RHS SECTION. 
0 CONSTANT 
0 0 MINOR ERROR(S) -
05- BOUNDS SECTION. 
0 LIMITS 
0 MAJOR ERROR(S). 
0 MAJOR ERROR(S). 
0 MAJOR ERROR(S). 
0 MAJOR ERROR(S). 0 0 MINOR ERROR(S) -
0 PROBLEM STATISTICS 
0 2 LP ROWS 8 VARIABLES 11 LP ELEMENTS DENSITY= 68.75 
0 THESE STATISTICS CONTAIN ONE SLACK VARIABLE FOR EACH ROW 
0 0 MINOR ERRORS, 0 MAJOR ERRqRS. 
- THERE ARE 48 EMPTY BLOCKS STILL AVAILABLE ON PROBFILE 
OBCDOUT - USING DOIT 
OTIME = 0.00 
1MPSX/370 R1.6 PTF9 OPTIMIZATION OF ROTOR DISCS 
ON AME QUACK 
ROWS 
N CVNFIN 
E YS 
COLUMNS 
P4 
C 
CR 
NORMP 
s 
. p 
RHS 
CVNFIN 
CVNFIN 
CVNFIN 
CVNFIN 
CVNFIN 
CVNFIN 
CONSTANT YS 
BOUNDS 
LO LIMITS P4 
UP LIMITS P4 
.05930 
103. 15627 
52.60717 
.00116 
1981.06770 
1507.17370 
YS 
vs 
vs 
.03675 
37.55528 
.83989 
679.94092 - Set for 125 ksi•yield strength 
17612.81700 
20637.96200 
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FILE: FILE SYSPRINT A1 TECHNICAL COMPUT1NG CENTER 
LO LIMITS 
UP LIMITS 
LO LIMITS 
UP LIMITS 
FX LIMITS 
LO LIMITS 
UP LIMITS 
LO LIMITS 
UP LIMITS 
C 
C 
CR 
CR 
NORMP 
s 
s 
p 
p 
. 10000 
.35000 
1. 50000 
2.00000 
3475.00000 
.00500 
.01500 
.00500 
.01200 
ENDATA 
1MPSX/370 R1.6 PTF9 OPTIMIZATION OF ROTOR DISCS 
OSETUP DOil . 
OTIME = 0.00 
0 SCALE 
BOUND = LIMITS 
- 1 MATRIX FILE 
2 ETA FILES 
2 SCRATCH FILES 
0 XPRICE = 0 
0 ..... POOLS ..... NUMBER SIZE TOTAL 
0 
0 
0 
BASIC ARRAYS 
WORK REGIONS 
SPILL ARRAYS 
ETA BUFFERS 
MATRIX BUFFERS 
..... TOTAL ..... 
ROWS (LOG.VAR.) 
COLUMNS (STR.VAR.) 
11 ELEMENTS -
12 
1 
6 
2 
TOTAL 
2 
104 
2272 
8192 
2048 
576 
1248 
2272 
49152 
4096 
57344 
NORMAL .FREE. 
0 1 
6 
DENSITY= 
0 0 
68.75 - 1 
0 OPTIMIZE MACRO CALLED 
-CRASH TIME 0.00 MINS. 
0 CHERCHE 
FIXED 
1 
1 
''1ATR IX 
BOUNDED 
0 
5 
RECORDS (WITHOUT RHS'S) 
~ INFEASIBILITIES 1 AT START 
0 AFTER CHERCHE 2 SELECTED STRUCTURALS 
FEASIBLE 
-PRIMAL OBJ= CVNFIN RHS = CONSTANT 
OTIME = 0.00 MINS. PRICING= 5 
SCALE= 1.00000 
OPTIMAL SOLUTION 
0 XDOOPT DEMAND SET ~.·--···. 
OSAVE - TIME 0.00 
0 NAME = 
1MPSX/370 R1.6 PTF9 OPTIMIZATION OF ROTOR DISCS 
0 THERE ARE 47 EMPTY BLOCKS STILL AVAILABLE ON PROBFILE 
1MPSX/370 R1.6 PTF9 OPTIMIZATION OF ROTOR DISCS 
·OSOLUTION (OPTIMAL) 
OTIME = 0.00 MINS. ITERATION NUMBER= 
... NAME . . . . .. ACT 1 VI TY ... 
0 FUNCTIONAL 1173.88300-
RESTRAINTS 
BOUNDS .... 
1MPSX/370 R1.6 PTF9 OPTIMIZATION OF ROTOR 
OSECTION 1 - ROWS 
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2 
DEFINED AS 
CVNFIN 
CONSTANT 
LIMITS 
DISCS 
,, 
· 1.. 
'•' 
FILE: FILE SYSPRINT A1 TECHNICAL COMPUTING CENTER 
Ii 
- NUMBER . . . ROW .. AT . . . ACTIVITY ... SLACK ACTIVITY . . LOWER LIMIT . .. UPPER LIMIT . .DUAL ACTIVITY 
0 1 CVNFIN BS 1173.88300- 1173.88300 NONE NONE 1. 00000 
2 VS EQ 679.94092- 679.94092- 679.94092- 1.61356-
1MPSX/370 R1.6 PTF9 OPTIMIZATION OF ROTOR DISCS 
OSECTION 2 - COLUMNS 
j-J 
- NUMBER .COLUMNS AT .. . ACTIVITY ... .. INPUT COST .. . . LOWER LIMIT. . . UPPER LIMIT . .REDUCED COST . 
Lil 0 3 P4 BS 18558.54405 .05930- 17612.81700 20637.96200 00 
4 C LL . 10000 103. 15627 . 10000 .35000 42.55867 
5 CR UL 2.00000 52.60717- 1.50000 2.00000 51.25195-
6 NORMP EQ 3475.00000 . 00116' 3475.00000 3475.00000 . 00116 
7 s LL .00500 1981 .06770 .00500 .01500 1981. 06770 
8 p LL .00500 1507.17370 .00500 .01200 1507.17370 
1MPSX/370 R1.6 PTF9 OPTIMIZATION OF ROTOR DISCS 
OEXIT - TIME= 0.00 
(; 
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